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The improvised explosive device (IED) has been the characteristic weapon of 
conflicts in Iraq and Afghanistan. Under-vehicle explosions result in rapid floor 
deformation, transmitting short duration, high amplitude loading to the occupant‟s foot 
and ankle. Current operational vehicles are subjected to full-scale explosions to assess 
the level of protection they offer their occupants. The decision to pass or fail a vehicle 
design is made through assessing the axial force transmitted through the lower 
extremity of a „dummy‟ which has been designed to behave like a human. 
This thesis investigates the ability of combat boots to reduce the severity of 
injuries during under-vehicle explosions. Both experimental and numerical techniques 
were used to gain a better understanding of the behaviour of the combat boot under 
high rate loading. Initially, drop rig experiments were conducted to assess the shock 
absorbing capacity of the two combat boot designs most commonly used by UK 
troops. Following on, more complex experiments were conducted using an anti-
vehicle under-belly injury simulator (AnUBIS) which was designed, developed and 
characterised to simulate floor displacement during an under-vehicle explosion. 
AnUBIS was used to compare the response of cadaveric specimens against two 
dummy designs; the Hybrid-III and the MiL-Lx. The MiL-Lx was found to be more 
biofidelic than the Hybrid-III. 
Finite element models of both the MiL-Lx and a combat boot were developed 
and used to investigate the sensitivity of the materials and geometry of the combat 
boots in reducing the force transmitted to the MiL-Lx during an under-vehicle 
explosion. Finally, two commercially available blast mat designs were assessed using 
AnUBIS and both the MiL-Lx and Hybrid-III. The two ATDs ranked the mats in the 
same order; however, the percentage reduction in peak force was different. 
The experimental and numerical approach used in this thesis has developed a 
greater understanding of both the biofidelity of current ATDs and the capacity of 
current mitigating technologies. This approach can be used to develop and assess 
mitigation technologies for use in future conflicts where under-vehicle explosions are 
a significant threat. 
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CHAPTER   1  
INTRODUCTION 
1.1 Scope of the thesis 
This thesis is concerned with the severe injuries sustained by occupants in 
under-vehicle explosions. Methodologies to assess vehicle design and other mitigation 
technologies are investigated. Using these methods, the effectiveness of reducing the 
severity of these injuries by altering combat boot design or adding floor mats to the 
vehicles is studied. 
1.1.1 Clinical driver 
The improvised explosive device (IED) has been the leading cause of death 
during conflicts in Afghanistan. Figure 1.1 shows how the number of fatalities that can 
be attributed to the IED has increased throughout the conflict (iCasualties.org 2012). 
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Figure 1.1: Total number of fatalities due to IEDs during the war in Afghanistan between April 
2002 and March 2012. Data from iCasualties.org (2012). 
IED attacks can be divided into two categories: anti-personnel and anti-vehicle. 
Injuries seen in victims of anti-personnel mine blasts are predominantly caused by 
a) direct exposure to blast overpressure and/or b) by fragments that have been 
physically displaced by the blast overpressure (Ramasamy et al. 2011c). Though, 
being in-vehicle offers significant protection against these threats (Champion et al. 
2009; Ramasamy et al. 2011c), the injuries seen are severe, often resulting in 
amputation (Ramasamy et al. 2011d). 
The survivability of casualties who have experienced battlefield trauma during 
World War II was 69.7 %. Advances in protection and medical care have meant that 
this percentage rose to 88.6 % during Operation Iraqi Freedom (Mazurek & Ficke 
2006). This significant increase in the percentage of survivors has resulted in a large 
number of personnel with such severe, multi-limb injuries that until recently they 
would not have been expected to survive (Singleton et al. 2013). 
Ramasamy et al. (2011d) conducted a study which identified 63 UK service 
personnel who had sustained a lower limb injury in an under-vehicle explosion 
between January 2006 and December 2008. At a mean follow up of 33.0 months (2 
years, 9 months) only 9 (14 %) were fit to return to their pre-injury military duties. In 
addition to the personal effect to the soldier, injuries of this severity have socio-
economic effects on a larger scale. Inevitably blast injuries are widely reported in the 
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jeopardy. The rehabilitation for severely injured soldiers is long-term, requires 
specialist expertise and equipment and is expensive. This wide range of issues 
highlights the importance of advancing the knowledge of the mechanism of these 
injuries and consequently how they can be mitigated. 
Anti-vehicle mines are often buried below the surface, deliberately positioned 
along roads and other transport thoroughfares. Typically, they are either victim 
operated, triggered directly through pressure plates or, alternatively, remotely operated 
through the use of a command wire, a cell phone or a radio transmission. When an 
IED is detonated there is rapid expansion of the detonation products causing a blast 
wave, if the IED is buried there is also rapid acceleration of soil ejecta that can transfer 
energy to the vehicle upon impact. Figure 1.2 shows four frames from a video of a 
vehicle being attacked by an IED, fortunately this attack missed the vehicle; however 
it highlights the potential of energy transfer from the soil ejecta during an IED attack. 











 Figure 1.2: Four frames from a video of an IED attack on a military vehicle (Anon. 2009). 
It is possible that an IED detonated beneath a vehicle can cause rupture of the 
vehicle floor (sometimes referred to as floor pan), in which case the occupants are 
exposed to secondary fragments and hot gases. If, however, the vehicle floor does not 
rupture, it may rapidly deflect in localised regions. The characteristics of this 
deformation are dependent upon a number of factors; design of the floor, interaction of 
the explosive and vehicle, size of explosive, type of explosive, burial depth, material it 
is buried in, standoff, vehicle mass and structural stiffness. In addition to local 
deformation of the vehicle floor, there is global acceleration of the vehicle, potentially 
resulting in further injury, particularly if the occupants are not appropriately restrained. 
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In both scenarios the injuries often involve severe soft-tissue damage as well as 
multiple fractures of the bone (Figure 1.3). Injuries of this severity are often not 




Figure 1.3: Typical injuries sustained from IED attacks (a) photograph of a lower limb after an 
IED attack (Ramasamy et al. 2011e) and (b) a 3D-CT reconstruction of a foot and ankle after an 
IED attack (Ramasamy et al. 2012). 
Both of the injuries shown in Figure 1.3 resulted in amputation (Ramasamy 
2012b). In some scenarios, there may be large overkill in the severity of the threat in 
comparison to the amount of protection offered to the occupant, for example if the size 
of explosive is extremely large or in extremely close proximity to the vehicle. In this 
situation, protection of the occupants is a tall order, however, if the threat is less 
severe, it may be possible to provide enhanced protection and injury mitigation to the 
occupant. For the purposes of this thesis injury mitigation is defined as a reduction in 
the severity of the long-term injury outcome. 
Ramasamy et al. (2011c) reviewed casualties from IEDs during Operation 
Enduring Freedom in Afghanistan. In this review, it was reported that 54/59 (91.5 %) 
of casualties in vehicles had injuries to the lower limbs, this high percentage can be 
attributed to the fact that the lower limbs are closer to the vehicle floor. 
Blast injuries can be categorised into 4 groups; primary, secondary, tertiary and 
quaternary. Primary blast injuries are caused by the blast wave, secondary by direct 
impact of fragments, tertiary by physical displacement of the casualty into nearby 
objects and quaternary are caused directly by the explosion but are not classified as 
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primary, secondary or tertiary (White 1968). Predominantly, occupants of military 
vehicles are seated, with their feet resting on the floor (Figure 1.4). The injury is 
caused by the blast wave causing local deformation which in turn impacts the lower 
limb. Since in this situation a solid object is being displaced into the human, this 
mechanism does not fit well into the primary, secondary or tertiary group. It is 
therefore better described by the term „solid blast‟, coined by Drager et al. (1946) who 
was investigating ship-shock, a situation similar to a under-vehicle explosion in that a 
structure is axially accelerated into the legs. The accelerating vehicle floor during an 
under-vehicle explosion, impacting the lower limbs of the occupants has the potential 
of causing injury and is therefore the main focus of this thesis. 
 
Figure 1.4: Vehicle occupant injury mechanisms. Reproduced, with permission from (Ramasamy 
et al. 2011e). 
In order to gain a greater understanding of this mechanism of injury it is 
necessary to replicate the event in a controlled experiment. Accurate simulation is 
required for a) the behaviour of the floor of the vehicle when subjected to an under-
vehicle explosion and b) the behaviour of the lower limb in this loading environment. 
Previous research efforts have attempted to simulate the behaviour of the floor through 
live blast tests (Bird 2001), scaled blast tests (Bir et al. 2008; Horst et al. 2005; 
Manseau & Keown 2005a; Wang et al. 2001). Although originally developed for 
automotive research, axial loading of the lower limb has also been investigated 
utilising traumatic injury simulators (Bass et al. 1997a; Funk et al. 2002; McMaster et 
al. 2000; Seipel et al. 2001; Yoganandan et al. 1996; Yoganandan et al. 1997a; 
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Yoganandan et al. 2000). Of these methods, traumatic injury simulators offer the most 
reliable and repeatable means of accurately replicating the load transferred from the 
floor of the vehicle to its occupant. The loading rate of the lower limb may be an order 
of magnitude higher in under-vehicle explosions in comparison to vehicle collisions 
(Bird 2009; McKay & Bir 2009; Wang et al. 2001; Williams & Fillion-Gourdeau 
2007). The most biofidelic lower limb surrogate is the cadaver, which offers 
advantages in terms of accurate representation of anatomical structures. However, the 
use of cadavers has disadvantages in terms of biological variation, repeatability and 
cost. Anthropometric test devices (ATDs), which are mechanical devices designed to 
behave biofidelically in terms of anthropometry, articulations and structural response, 
are frequently used to assess injury outcome during under-vehicle explosions because 
of their advantages over cadavers in terms of repeatability and cost. 
1.1. Objectives 
The overall aim of this thesis is to improve lower limb mitigation for the 
occupants of vehicles which have been subjected to under-vehicle explosions. More 
specific objectives are: 
a) to compare the current combat boots designs to determine whether they 
offer different levels of protection to vehicle occupants, 
b) to commission, test and instrument a traumatic injury simulator capable 
of replicating the behaviour of the floor of a vehicle during an under-
vehicle explosion,  
c) to assess the biofidelity of the current anthropometric test devices 
(ATDs) used in under-vehicle explosion tests, 
d) develop validated finite element models of both a combat boot and 
ATD, 
e) use the finite element models to make recommendations for 
specifications for a combat boot to mitigate the threat of an under-
vehicle explosion and finally 
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f) to compare current floor mat designs to determine the level of 
protection that they offer. 
1.2. Thesis Structure 
A review of foot and ankle blast injury research is conducted in Chapter 2. 
Due to the proximity of the foot and ankle to the floor pan in an under-vehicle 
explosion, adjustments to combat boot design may be able to reduce the severity of 
injury. It is therefore important to understand the mitigating capacity of current combat 
boots used by troops during military operations. Chapter 3 describes simple drop 
weight impact tests that were performed to assess the shock absorbing capacity of the 
two combat boot designs most commonly used by UK troops: Meindl and Lowa 
Desert Fox Combat boots. 
In order to understand the injuries seen in under-vehicle explosions it is 
necessary to replicate them in a controlled experiment. Chapter 4 describes the 
specification, instrumentation, commissioning and characterisation of the traumatic 
injury simulator. 
Anthropometric test devices (ATDs) are biofidelic human surrogates which are 
used to assess injury risk in dynamic events, primarily for use in the automotive 
industry but also, more recently in the defence industry to assess the effectiveness of 
vehicle design in mitigating the threat of injury from under-vehicle explosions. The 
two most commonly used ATDs are the Hybrid-III and MiL-Lx. The response of these 
ATDs have not been compared to intact cadaveric specimens previously. Chapter 5 
describes impact tests performed using the traumatic injury simulator on the Hybrid-
III, MiL-Lx and cadavers using the traumatic injury simulator. The drop weight tests 
described in Chapter 2 provide a simple method to assess the shock absorbing capacity 
of the combat boots, however, using the traumatic injury simulator and ATDs may 
offer a more accurate means of assessing the combat boots as the loading transmission 
is more realistic. Therefore, Chapter 5 also describes tests performed to compare the 
Meindl and Lowa Desert Fox combat boots, this time using ATDs and the traumatic 
injury simulator. 
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In Chapter 6 a numerical modelling approach was used to simulate both the 
combat boot drop rig tests (Chapter 3) and the ATD tests (Chapter 5). The aim of these 
computer models is to gain a better understanding of the physics of the two tests. In 
order to create these models, material properties of the layers of both the combat boots 
and materials of the ATDs were required. For this, samples were harvested from the 
combat boots and ATDs and compressed at a range of strain rates. The behaviour of 
the simple combat boot model was validated against both the drop weight (Chapter 3) 
and traumatic injury simulator experiments (Chapter 5) providing an accurate 
numerical model of the Meindl combat boot and the ATDs. The combat boot and ATD 
models are then integrated to form a model of the ATD with a combat boot which is 
validated against the experimental results. 
An analysis on the ATD and combat boot model was performed to gain a better 
understanding of the dynamics during an under-vehicle explosion is presented in 
Chapter 7. Results from these tests are used to inform a design specification for 
combat boots capable of reducing the severity of foot and ankle injuries seen in under-
vehicle explosions. 
The design specification of a combat boot to mitigate the injuries caused by 
high rate loading seen in blast is very different from the design specification for a 
combat boot for everyday use. Inevitably, design compromises have to be made in 
order to fulfil both specifications. Although there are similar design trade-offs with 
combat boots and floor mats, in terms of cost, mass, volume and dimensions, unlike 
the combat boot, the floor mats offer an opportunity for design engineers to 
concentrate solely on mitigating the effects of blast without having to compromise to 
any other specification. In Chapter 8 two floor mat designs are assessed using the 
traumatic injury simulator and the ATDs. 
The thesis concludes with a discussion (Chapter 9) on the overall impact of this 
work as well as recommendations for future work. 
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CHAPTER   2  
A REVIEW OF FOOT AND ANKLE BLAST 
INJURIES FROM UNDER-VEHICLE 
EXPLOSIONS AND FACTORS ASSOCIATED 
WITH MITIGATION 
This chapter gives an overview of the anatomy of the lower limb, reviews 
clinical data, reviews studies that have attempted to simulate these injuries as well as 
describing existing mitigation technologies. This is important in understanding the 
work that has already been carried out in this field as well as identifying areas which 
merit further research. 
Chapter 2-A review of foot and ankle blast injuries from under-vehicle explosions and factors 
associated with mitigation 
11 
2.1 Anatomy of the foot and ankle 
The anatomical structures of the foot can be categorised into 6 groups: bones, 
cartilage, ligaments, tendons, muscles and fat. 
2.1.1 Bones 
The purpose of the skeletal system is to protect internal organs, to provide rigid 
kinematic links and muscle attachment sites and to facilitate muscle action and body 
movement (Nordin & Frankel 1989). 
Bone consists of cortical and cancellous regions. The dense outer shell is 
cortical bone while the inner loose mesh structure is cancellous or trabecular bone. 
Biomechanically bone can be considered as one material whose porosity and density 
varies over a wide range (Carter & Hayes 1976). Bone is anisotropic, it exhibits 
different mechanical properties when loaded in different directions. 
As a visco-elastic material, bone properties vary with strain-rate. Hansen et al. 
(2008) investigated this principle by cutting dog-bone shaped specimens (thickness 
3 mm and width 2.4 mm) and testing them in tension and compression at strain rates 
between 0.08 and 29.1 /s. They found that the Young‟s modulus generally increased in 
both tension and compression, however it is worth noting that dog-bone shaped 
specimens are typically not used in compression. McElhaney (1966) also studied the 
dynamic response of bone. He tested samples of embalmed bone (0.175 x 0.175 
x 0.250 inches) in compression at strain rates between 0.001 and 1500 /s. He also 
found that that Young‟s modulus increased as the strain rate was increased. While this 
relationship is likely to hold true, embalming has since been found to affect the 
mechanical properties of bone (Ohman et al. 2008). Carter and Hayes (1977) tested 
human trabecular bone samples (5 mm thick, 10.3 mm diameter) in compression, at 
strain rates from 0.001 to 10 /s. They found that both the strength and modulus were 
approximately proportional to the strain rate raised to the 0.06 power. While they 
reported that this ratio would also hold true for cortical bone they did not test this 
themselves. The studies that they refer to (Wright & Hayes 1976) and (McElhaney 
1966), either used bovine specimens or embalmed human specimens. Bovine bone has 
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been shown to have a similar compressive strength but higher Young‟s modulus than 
human bone (Poumarat & Squire 1993). 
An understanding of how bone fails is important in order to be able to prevent 
failure. Nalla et al. (2003) investigated the fracture criteria for the failure of human 
cortical bone. They conducted 4 point bending tests with double notched specimens. 
Load was applied until fracture was seen at one of the notches. It was then assumed 
that the crack at the other notch would be „frozen‟ at a point just before failure. 
Fracture mechanics theory states that if the crack propagates from the notch the failure 
mechanism is strain induced and if it propagates away from the edge of the notch it is 
stress induced (Griffiths & Owen 1971). Using scanning electron microscopy (SEM) 
the „frozen‟ crack was imaged, showing that the crack consistently initiates from the 
notch, and not ahead of it, indicating that the failure of bone is strain induced. 
However, the loading was applied to the bone at low strain rates, investigations into 
whether the failure mechanism of the bone changes at higher strain rates has yet to be 
undertaken. 
The foot is made up of 28 bones including the sesamoids (Sammarco 1989); 
these can be categorised into three regions; tarsals, metatarsals and phalanges (Figure 
2.1). 
 
Figure 2.1: Three regions of the foot; tarsals, metatarsals and phalanges. Adapted with 
permission. (Primal Pictures Ltd 2009). 
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Figure 2.2 – Bones of the foot: (a) Tarsal bones (b) Metatarsals (c) Phalanges. Adapted with 
permission (Primal Pictures Ltd 2009). 
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2.1.2 Cartilage 
Articular cartilage can be found in synovial joints that have a wide range of 
motion. The function of the articular cartilage is to increase the load distribution area 
and to provide a smooth, ultra low-friction, wear resistant bearing surface. 
Articular cartilage is biphasic; it has a solid phase and a fluid phase. The solid 
phase makes up 19-29 % (by wet weight) of the cartilage and is a collagen-
proteoglycan matrix, the fluid phase (made of water, inorganic salts and small amounts 
of other matrix proteins) makes up 60-85 % of the cartilage (Mow et al. 1989). The 
material properties of articular cartilage are largely determined by the frictional 
resistance to flow of the interstitial fluid through the porous permeable solid matrix. 
Damage to the articular cartilage can disrupt normal load-carrying ability of the tissue 
and therefore the lubrication process which, in turn may lead to osteoarthritis (Hansen 
et al. 2006). 
The foot has 57 joints and therefore cartilage can be found in many locations 
(Figure 2.3). 
 
Figure 2.3 – Articular cartilage in the foot Adapted with permission (Primal Pictures Ltd 2009). 
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2.1.3 Ligaments  
The role of ligaments is to act as passive stabilisers. They connect bones at the 
joints, provide stability, and guide the motion of the joints (Carstedt & Nordin 1989; 
Tai & Williams 2007). 
Ligaments are composed largely of collagen, which is a group of naturally 
occurring proteins in the form of elongated fibrils. Like bone, the biomechanical 
behaviour of ligaments is visco-elastic (rate-dependent); an increase in strength and 
stiffness is seen with an increased loading rate (Noyes et al. 1974). Figure 2.4 shows 
the main ligaments of the foot. 
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Figure 2.4 – Ligaments of the foot Adapted with permission (Primal Pictures Ltd 2009). 
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2.1.4 Muscles and tendons 
Muscles and tendons are active stabilisers, transmitting load to bones. Tendons 
enable the muscle belly to be at an optimal distance from the joint without the need for 
extra muscle between the origin and insertion point (Tai & Williams 2007). 
The structural unit of skeletal muscle is the fibre. The fibres are composed of 
myofibrils which are aligned to make a band pattern. Each repeat of this pattern is 
called a sarcomere which is the functional unit of the contractile system. Myofibrils 
are made of thin filaments of the protein actin and thick filaments of the protein 
myosin.  
The muscles of the foot can be categorised into two groups; extrinsic and 
intrinsic. Extrinsic muscles provide active control of the foot while intrinsic muscles 
originate and act within the foot itself to provide control of flexion, extension, 
abduction and adduction of the toes (Gefen 2000). The major muscles of the foot are 
shown in Figure 2.5. 
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Figure 2.5 – Muscles of the foot Adapted with permission (Primal Pictures Ltd 2009). 
2.1.5 Fat 
The largest area of fat in the foot is under the calcaneus although fat pads are 
also found under the metatarsal heads. The function of the heel fat pad is to absorb 
shock (Ker et al. 1989), reduce plantar pressures (De Clercq et al. 1994) and protect 
against excessive local stress (Buschmann 1993; Miller-Young et al. 2002). The heel 
fat pad has an average thickness of 18 mm in an adult (Gefen et al. 2001) and 
comprises sealed spiral chambers of unsaturated fat which are contained in fibroelastic 
tissue. The fibroelastic tissue is attached to both the calcaneus and the dermis (skin); 
(Jørgensen 1985). 
2.2 Anatomical nomenclature 
There are 3 anatomical planes: coronal, transverse and sagittal. The main 
movements of the lower limb are:  
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- Extension/Flexion, in which the lower limb moves in the sagittal plane. 
- Adduction/Abduction, in which the lower limb moves in the coronal plane. 
- Lateral/Medial Rotation, in which the limb rotates away or towards the 
centre of the body. 
- Inversion/Eversion (of the foot), in which the sole of the foot is moved 
towards/away from the sagittal plane. 
The anatomical nomenclature is labelled on the diagram in Figure 2.6.  
 
Figure 2.6 – Terminology used to describe human lower limb anatomy. 
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2.3 Lower limb blast injuries 
After an explosive detonates a shock wave propagates through it causing an 
almost instantaneous chemical reaction. Behind the detonation wave the explosive has 
been converted to hot, high-pressure gas. Pressures and temperatures are very high. 
This gas expands outwards at 3-4 km/s, violently pushing material out of its way. If 
the explosive is buried the expanding gas pushes material outwards from the surface, 
throwing soil ejecta up to the vehicle. There is an instantaneous sharp rise in pressure 
within the air surrounding the explosion, rapidly attaining its peak overpressure. 
Overexpansion, because of the inertial effect in air, results in pressure below ambient 
atmospheric pressure. During such a negative phase, a partial vacuum is created 
(Ramasamy et al. 2011c). 
 
Figure 2.7 - Blast overpressure plot depicting an idealized free field explosion. Adapted from 
Friedlander  (1946). 
This blast wave causes injury to humans through a number of mechanisms. 
These are categorised in the following section. 
2.3.1 Mechanisms of blast injuries 
The mechanisms of blast injuries can be categorised into 4 groups; primary, 
secondary, tertiary and quaternary (DePalma et al. 2005; Ramasamy et al. 2009; Wolf 
et al. 2001). 
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Primary blast injuries are caused by peak overpressures and blast winds which 
directly exert forces onto the body causing tissue damage. 
Secondary blast injuries are a result of fragments or debris which are 
physically displaced by the blast overpressure and blast winds which can cause 
penetrating or blunt trauma.  
Tertiary blast injuries occur when the peak overpressure causes a person to be 
physically displaced into an object causing blunt trauma. 
Quaternary blast injuries are caused directly by the explosion but do not fit in 
the primary, secondary or tertiary groups. Examples are burns, toxic substance 
exposures, asphyxia and psychological trauma (Wolf et al. 2001). 
Draeger et al. (1946) categorised blast injury rather differently. They 
categorised blast injury into 3 groups: air, water and solid. The terms air, water and 
solid refer to the material medium through which the explosive force is transmitted. 
Originally solid blast injury referred to the injuries sustained by personnel aboard 
ships attacked by explosions. In this case the deck structure is accelerated causing 
rapid deformation of the floor and axial loading of the lower limb, a mechanism 
sometimes referred to as „deck-slap‟. The focus of this thesis is injuries caused by the 
floor accelerating into lower limbs of occupants of vehicles after an under-vehicle 
explosion, these injuries will be described as solid blast in this thesis but have 
previously been referred to as tertiary blast or deck-slap elsewhere. 
2.3.2 Injury severity scales 
In order to collect clinical data it is important to have scoring systems so that 
injuries can be categorised into groups depending on their severity. The Abbreviated 
Injury Scale (AIS) was developed in 1971 to score the severity of specific injuries in 
victims of road traffic accidents. The scale runs between 1 and 6 (Table 2.1). Lower-
limb injuries are rarely fatal and therefore, typically the maximum score is a 3 (e.g. 
open fracture of the tibia). This means that lower limb injuries are likely to only ever 
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receive a score between 1 and 3, thus this injury scale has very low resolution (Poole 
et al. 1996; Ramasamy et al. 2013).  
Due to the criticism of the AIS resolution for lower limb injuries the Foot and 
Ankle Severity Score (FASS) was developed by the American Orthopaedic Foot and 
Ankle Society (Manoli et al. 1997). Like the overall AIS, this scale runs from 1 to 6, 
with 6 considered currently untreatable (Table 2.1). However, the scoring is only 
applied to the foot and ankle. This means that lower extremity injuries can have scores 
over 3 giving a better resolution to the scale. 
Score Injury Description (AIS) Injury Description (FASS) 
1 Minor Minimal 
2 Moderate Mild 
3 Serious Moderate 
4 Severe Severe 
5 Critical Very severe 
6 Maximum (currently untreatable) Currently untreatable 
9 Unknown - 
 
Table 2.1 – Injury scale scores for AIS and FASS (Manoli et al. 1997). 
FASS has been shown to be a better predictor of long-term clinical outcome 
than AIS (Ramasamy et al. 2013), however, AIS continues to be used in under-vehicle 
blast research (North Atlantic Treaty Organisation HFM-148/RTG 2011). 
2.3.3 Clinical data 
Anti-vehicle mines have been deployed extensively in conflict zones since 
their inception in World War I, causing a large number of casualties (Ramasamy et al. 
2011a). Clinical data from these incidences are invaluable in gaining a better 
understanding of how these injuries are sustained. 
Injuries from under-vehicle explosions 
During World War II, Barr et al. (1946) collected data from injuries which 
occurred in 50 cases of solid blast when steel ships either came into contact with or in 
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close proximity to torpedoes, shells, aerial bombs and mines. While the occupants 
were in ships rather than vehicles, the rapid deformation of the floor during these 
attacks makes it likely that the mechanism of injury is similar. They found that injuries 
involving the ankle and tarsal bones were most common. In 36 % of the cases, the 
injuries were compound fractures involving the calcaneus, talus and the distal tibia and 
fibula. In 18 % fractures were seen in both the tibia and fibula. In about 25 % of the 
cases the tibial condyles were fractured. In 20 % the knee was dislocated, and the 
majority of those resulted in amputation. It is worth noting that the authors state that 
neither the less seriously injured nor fatal cases were included in this study. 
Unfortunately, the study did not provide any follow up data so the burden of these 
injuries is not known. 
Radonic et al. (2004) studied injuries from mines in Southern Croatia between 
1991 and 1995. Of the 464 mine victims that they collected data from, 42 (9 %) 
injuries were caused by anti-tank mines and 12 of those were fatal (29 %). Of the 12 
fatalities, 5 were in cars, 4 in jeeps, 1 in a lorry, 1 in an ambulance, and 1 was a 
pedestrian. None were in military vehicles. The mean AISs of the survivors and 
fatalities were 2.9 ± 0.55 and 5.58 ± 0.63, respectively. There were 2 cases of 
traumatic amputation of the lower leg, accompanied in both by fractured calcaneus of 
the opposite leg. Calcaneal injuries were found in 6 of the injured. They concluded 
that while, injuries from antitank mines are ravaging, and frequently fatal, a significant 
number of patients survive. Details of the zones of the body that were injured were not 
supplied in this study and no comparisons were made between the injuries seen in the 
different vehicles. As with the previous study, follow up data was not provided so the 
burden of these injuries is not known. 
Ramasamy et al. (2008) studied 100 consecutive casualties who were injured 
or killed during the conflicts in Iraq starting in January 2006. 53 of the casualties were 
injured by IEDs in 23 incidents. 21 out of those 23 incidents were attributed to 
explosive formed projectiles (EFP) and all were roadside devices directed against 
coalition force vehicles. 12 of the 53 casualties (22.6 %) were either killed or died of 
wounds. Ninety per cent of the survivors and 50 % of the fatalities had wounds to the 
lower extremities. Fractures were seen in 16 of the 41 survivors (39.0 %) and in all of 
the fatalities. The authors conclude that this low fracture rate in the survivors is due to 
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the type of threat: “when the EFP-IED is detonated, the EFP produced results in 
catastrophic injuries to casualties caught in its path, but causes relatively minor 
injuries to personnel sited adjacent to its trajectory.”  
Ramasamy et al. (2011c) reviewed casualties admitted to a military hospital in 
Afghanistan over a 6 month period. The „zones of injury‟ of each of the casualties 
were identified along with their mechanism of injury. 62 casualties were identified in 
this period, with 115 zones of injury. 34 of the casualties were from free-field 
explosions, sustaining 56 zones of injury. 28 casualties were in the enclosed group (in 
vehicle or in cover), sustaining 59 zones of injury. There was no statistical difference 
in the number of zones of injury between the two groups but there was a higher 
proportion of lower limb injuries in the enclosed group compared with the open group 
(Figure 2.8).  
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Figure 2.8 – Anatomical pattern of skeletal injury from explosion. Taken from (Ramasamy et al. 
2011c). 
Ninety-six per cent of the injuries in the enclosed group were tertiary (or solid) 
blast injuries (Figure 2.9). They reported that it is likely that an enclosed environment 
attenuates the effects of primary and secondary blast injuries and that the high 
percentage of lower limb injuries were due to axial loading of the lower extremity. 
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Figure 2.9 – Mechanism of blast injury. Taken from (Ramasamy et al. 2011c). 
Outcomes from injuries sustained during under-vehicle explosions 
There is very little information in the literature on the outcomes from injuries 
sustained during under-vehicle explosions. However, recent work by Ramasamy et al. 
(2012) is key to understanding the burden of these injuries. They collected data from 
63 UK service personnel who had sustained lower leg injury following an under-
vehicle explosion between January 2006 and December 2008 in Afghanistan. The 
mean follow up was 33.3 months. Of the 63 personnel, 26 had injuries to both limbs 
making a total of 89 injured limbs. In 89 % of the casualties the lower extremity was 
injured. 50 % had multi-segmental injuries to the foot and ankle complex. In total 26 
of the limbs required amputation, 13 at the field hospital, 7 after being transferred to 
the UK and 6, 18 months following the injury. At 33.3 month follow-up, 66 (74 %) of 
the injured limbs had clinical symptoms, with ongoing surgical input, rehabilitation 
and analgesia (pain relief) requirements. Only 9 (14 %) were able to return to the 
military roles they had pre-injury. 41 (65 %) were fit only for sedentary duties or 
deemed unfit for any military service.  The study demonstrates that foot and ankle 
injuries resulting from under-vehicle explosions are commonly associated with a high 
amputation rate and poor clinical outcome.  
More specifically, Ramasamy et al. (2011d) investigated the outcome of just 
calcaneal injuries from the same subset of casualties from (Ramasamy et al. 2012). 40 
calcaneal fractures from 30 patients were identified. 18 of the 40 resulted in 
amputation (45 %), 11 of those were amputated primarily, 3 on return to the United 
Kingdom and 4 were amputated an average of 19.5 months after the injury was 
sustained due to chronic pain. Of the calcaneal fractures that were salvaged (29), 
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wound infection developed in 11 (38 %) and at the final follow up only 2 (6 %) were 
able to return to full military duty, while 23 (76 %) were only fit for sedentary work or 
unfit for any military duty. 
Summary of clinical data 
The majority of injuries seen in survivors are to the extremities, particularly the 
lower extremities. Occupants of vehicles are particularly susceptible, with 91.5 % of 
injuries to the lower extremities (Ramasamy et al. 2011c). Calcaneal injuries result in 
particularly poor outcomes (Ramasamy et al. 2011d). 
2.4 Injury Assessment 
In order to design mitigation technologies there is a need to be able to assess 
them. This requires an understanding of the tolerance of the human body and an 
understanding of how the injuries are created. A means of accurately replicating both 
the response of the human body and the response of the loading experienced by the 
human body is required. The following section reviews a) current injury tolerance 
curves, b) current designs of human surrogates and c) current injury simulators to 
simulate high rate loading to the human body.  
2.4.1 Injury tolerance curves 
Defining injury tolerance involves relating the risk of injury to different 
variables, (e.g. force, strain or stress), with a mathematical curve. Using this curve one 
can then calculate the relative risk of injury given the exposure of the subject to a 
certain level of that variable. 
Injury risk curves are particularly important for research using anthropometric 
test devices (ATDs) since the correlation of the response of the ATD to an impact load 
and the risk of injury to an actual human in the same loading condition needs to be 
understood. Cadaveric tests are used to determine this tolerance. A number of samples 
are exposed to a mechanism of injury, some of these samples will be injured and some 
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will not. During these experiments certain variables can be measured, for example, 
peak force. The variable during each of these tests is recorded as well as whether the 
subject was injured or not. Statistical methods (for example, logistic regression, probit 
analysis, Weibull survival) can then be used to determine the risk of injury when the 
cadaver experiences a certain level of that variable (Hynd et al. 2006; Kent & Funk 
2004). 
A number of injury tolerance curves have been developed using the traumatic 
injury simulators described in Section 2.4.3. These are presented in Figure 2.10. 
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Figure 2.10 – Lower limb injury risk curves. (a) Yoganandan et al. (1996) (b) McKay (2010) (c) 
Funk et al. (2002). 
A comparison of these three injury curves in terms of age, average force at 
fracture and the forces at which the injury curves predict a 10, 50 and 90 % risk of 
fracture are presented in Table 2.2. The injury curves are presented later in Figure 
2.12. 
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Study 




Predicted force (kN) 
corresponding to risk of fracture 
Minimum Maximum Mean 
10 % risk 
of 
fracture 
50 % risk 
of 
fracture 
90 % risk 
of 
fracture 
Funk et al. 
(2002) 
41 74 63 5.7 5.6 8.3 10.8 
McKay and 
Bir (2009) 
44 80 67 4.5 2.6 6.1 9.1 
Yoganandan 
et al. (1996) 
27 85 56.2 8.5 5.4 8.0 10.0 
 
Table 2.2 – Comparisons of the lower limb injury risk curves developed by Funk et al. (2002), 
McKay and Bir (2009) and Yoganandan et al. (1996). The calculations for Funk et al. (2002) and 
Yoganandan et al. (1996) are based on a 45 year olds, however, the McKay and Bir (2009) curve 
does not allow for regression for age; the average age of their samples was 67. 
All three of the studies presented in Table 2.2 use tibial axial force as a 
predictor of injury but other variables were shown to be important in the injury 
prediction. Funk et al. (2002) found that age, gender and body mass were important 
variables, McKay and Bir (2009) found impactor velocity, impactor kinetic energy and 
compressive strain in the calcaneus  were important and Yoganandan et al. (1996) also 
found that age was important. The specimens used by Yoganandan et al. (1996) have 
the largest age range and the youngest minimum age. The average force at fracture for 
the three studies differs with McKay and Bir (2009) with the lowest average force at 
fracture (4.5 kN) and Yoganandan et al. (1996) with the highest (8.5 kN). Larger 
differences between the three studies are seen between forces that predict a 10 % risk 
of injury (a difference of 3 kN) in comparison to the forces that predict a 90 % risk of 
injury (a difference of 1.7 kN), thus suggesting that one can have more confidence in 
the values as the percentage risk of injury increases. 
Interestingly, there is relatively good agreement between the 3 injury curves 
when Funk et al. (2002) and Yoganandan et al. (1996) are regressed to the average age 
(67 years) of the samples tested by McKay and Bir (2009). This is shown in Figure 
2.11. The similarities in these injury curves give confidence in these values. 
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Figure 2.11 – A comparison of injury risk curves developed by Yoganandan et al. (1996), Funk et 
al. (2002) and McKay and Bir (2009) when regressed to an age of 67 and to a male. 
The 3 curves can also be compared at an age of 45 years, this is useful since 
the military population is younger than 65 years of age. Since it is not possible to 
regress for age using the injury risk function developed by McKay and Bir (2009) this 
curve stays the same while the other two are shifted to the right. Figure 2.12 shows 
that there is good agreement between the Funk et al. (2002) and Yoganandan et al. 
(1996) curves regressed to an age of 45 years. 
 
Figure 2.12 – A comparison of injury risk curves developed by Yoganandan et al. (1996), Funk et 
al. (2002) and McKay and Bir (2009) when regressed to a 45 year old male. 
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Unfortunately, the rate of application of the force is not presented in these 
studies, it is likely that this may have an effect on the force required to fracture a lower 
limb. This has been demonstrated through experiments conducted by Bass et al. (2004) 
who developed an injury risk function for assessing the risk of anti-personnel mine 
injuries. Since the strain rates experienced by cadavers in AP mine blast are 
significantly higher than those experienced in automobile collisions the AP injury risk 
function needed to be “de-rated” in order to account for the effect of strain rate in 
order for the curve to be comparable to the injury risk function developed by Funk et 
al. (2002). The fact that it matched well with the Funk et al. (2002) curve after being 
adjusted to account for strain rate effects gives further confidence in the injury curve 
developed by Funk et al. (2002). The strain rates experienced by occupants of vehicles 
is likely to be significantly lower than those experienced during anti-personnel mine 
blasts and therefore the injury risk curve developed by Bass et al. (2004) will not be 
used in this thesis. 
Interestingly, the most common bone to fracture in the studies performed by 
Funk et al. (2002), Yoganandan et al. (1996) and McKay and Bir (2009) was the 
calcaneus, however, the force is not measured at the calcaneus in any of these studies. 
The location that the force is measured will have a large effect on the injury curve and 
this could explain some of the differences in values obtained by Yoganandan et al. 
(1996) who measured force at the proximal tibia in comparison to McKay and Bir 
(2009) and Funk et al. (2002) who both measured force through the use of a tibia load 
cell. The methods used for these three studies are discussed in more detail in Sections 
2.4.4 and 2.4.5, while limitations of the methods used for these studies are discussed in 
these sections, the fact that all 3 curves are similar when regressed to an age of 67 
gives confidence that the values are approximately correct. While the average age of 
the cadavers tested to create all three of these injury curves is higher than the average 
age of the occupants of military vehicles, and it is unknown as to whether the rates of 
loading are similar to those expected during an under-vehicle explosion, these curves, 
in conjunction with the use of ATDs are useful tools to predict the risk of injury during 
an under-vehicle explosion. 
NATO use two injury risk curves. The one developed by Yoganandan et al. 
(1996), regressed to an age of 45 years old for the Hybrid-III ATD and the one 
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developed by McKay and Bir (2009) for the MIL-Lx. These curves are then used when 
assessing the protection offered by a vehicle to its occupants during an under-vehicle 
explosion. NATO set their tolerance level of vehicle design at a 10 % risk of an AIS 
2+ injury. This correlates to a load of 5.4 kN for the Hybrid-III and 2.6 kN for the 
MIL-Lx. Each new vehicle design is tested in a live blast experiment where ATDs are 
placed within the vehicles and explosives are detonated beneath it. If the load going 
through the ATD tibia is below the threshold the vehicle is fit for use and if it is above 
threshold the vehicle fails the test and is not used in the battlefield (North Atlantic 
Treaty Organisation HFM-090 TG 25 2007). 
2.4.2 Human surrogates 
The use of surrogates for experimental testing offers a means to investigate 
under-vehicle explosions without the need for cadavers; this, consequently, reduces 
sample variability and offers the possibility of re-use in some cases. Multi-use and 
single use surrogates are reviewed in the following sections.  
Multi-use surrogates 
The two most widely used surrogates in the automotive industry are the 
Hybrid-III 50
th
 percentile male dummy and the Test Device for Human Occupant 
Restraint (THOR) (Backaitis et al. 1993; Mertz 2002). Both these biofidelic surrogates 
are designed specifically to evaluate the injuries seen in vehicle collisions, and 
therefore, may not always be appropriate for higher strain-rate situations such as 
during an under-vehicle explosion. While Horst et al. (2005) claim that the Hybrid-III 
dummy can be successfully used to measure occupant loading during an under-vehicle 
explosion, later experimental data suggests that the THOR-Lx (the lower extremity 
element of the THOR) provides more accurate correlation with cadaveric test data than 
the Hybrid-III at low explosive loads, and that there is a loss of biofidelity in both 
Hybrid-III and THOR-Lx at higher explosive loads (Bir et al. 2008). These findings 
suggest that while these surrogates are appropriate for assessing injury in either 
automotive vehicle collisions or low severity explosive loads (particularly the THOR-
Lx), neither of these surrogates can be used to accurately evaluate the full range of 
explosive loads expected during under-vehicle explosions. 
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More recently the MiL-Lx has been developed. The design of the MiL-Lx 
differs from the Hybrid-III; the leg shaft is rigid and offset from the line of action 
between the knee and ankle in the Hybrid-III (translated anteriorly at its proximal end 
and posteriorly at its distal end) while the MiL-Lx leg shaft is straight and incorporates 
a 70 mm long compliant element (McKay 2010). The purpose of this element is to 
provide an attenuated force transmission from the heel to the knee complex to ensure 
the force measured at the upper tibia closely matches the cadaveric response corridors. 
During the development of the MiL-Lx, experiments performed by McKay (2010) 
using a traumatic injury simulator demonstrated that the MiL-Lx upper-tibia force 
matches the cadaveric response corridors well at velocities of 7.1 m/s but its response 
was not validated over a range of impact severities. Both Hybrid-III and MiL-Lx are 
connected to the upper leg via a pin joint. The foot and ankle of Hybrid-III and MiL-
Lx are similar in design; there is a ball joint at ankle level, thus allowing all 3 rotations 
of the ankle joint, and have a replaceable compliant insert in the heel, However, the 
MiL-Lx has more durable polyurethane foot cover than the Hybrid-III and 
incorporates a support bracket on the plantar aspect of the foot. Both ATDs 
incorporate 5-axis load cells along the tibial shaft.  
Quenneville and Dunning (2012) compared the Hybrid-III and MiL-Lx under 
axial impact loading. They impacted the surrogates at velocities between 2 and 7 m/s 
with a 6.8 kg projectile using a pneumatic impacting device and found that the force 
on the MiL-Lx was between 25 and 100 % of those seen in the Hybrid-III. The use of 
a boot reduced the peak force by 65 % at the highest impact velocities. They compared 
the response of both the Hybrid-III and MiL-Lx to cadaveric tests concluding that the 
MiL-Lx represents the response of the natural tibia under axial impact loading better 
than the Hybrid-III. Unfortunately the cadaveric tests they compared their results to 
were conducted on an isolated tibia, without the foot and ankle so the biofidelity of the 
feet of the ATDs could not be assessed. The purpose of the element in the MiL-Lx is 
to ensure that the compliance of the MiL-Lx matches that of the whole cadaveric limb 
(including the foot), the geometry and material properties of the element has been 
tuned to surrogate the compliance of the foot and the tibia. Therefore the fact that this 
study demonstrated that the isolated MiL-Lx tibia matches the response of the isolated 
cadaveric tibia suggests that had the authors compared intact lower limbs (including 
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the feet) the response of the MiL-Lx would not have matched that of the cadavers as 
closely. 
Single-use surrogates 
Single-use surrogate lower limbs have been specifically designed to assess the 
effects of solid blasts. Examples of these include the Complex Lower Leg (CLL) and 
the Frangible Surrogate Leg (FSL) (Bergeron et al. 2001; Cronin et al. 2001; Manseau 
& Lapointe 2005) (Figure 2.13). The CLL has been tested at TROSS
TM
 and was 
claimed to show realistic injury patterns and biofidelic response under footplate 
velocities of 3.4 to 8.5 m/s (Manseau & Lapointe 2005). More recently experiments 
conducted at Wayne State University have shown that the CLL failed at lower loads in 
comparison to cadavers (North Atlantic Treaty Organisation HFM-148/RTG 2011). 
The FSL has been compared with human cadaveric data in a landmine experimental 
setup; the findings showed good correlation with respect to gross bony damage, but 
low biofidelity in soft tissue and cancellous bone (Bergeron et al. 2001). The FSL has 
not been validated for under-vehicle blast research. 
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Figure 2.13 – Single use surrogates (a) the frangible surrogate limb (FSL) (Bergeron et al. 2001) 
and (b) the complex lower limb (CLL) (Manseau & Keown 2005b). 
2.4.3 Injury simulators 
A better understanding of the mechanism of short duration injuries to the lower 
extremities can be gained, and injury risk curves can be developed by simulating the 
injury. The methods used to create these simulators are important. In the under-vehicle 
explosion research field the majority of simulators utilise a large mass, accelerated to a 
high velocity, which impacts a surrogate lower limb, before being bought back to rest 
within a short distance. However, in the open literature, there is limited information as 
to the most accurate size of mass, the most accurate acceleration, the most accurate 
velocity and the most accurate displacement of the impacting mass. There is a limited 
amount of data from full-scale live blast tests conducted on military vehicles. 
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Live blast data 
Political reasons necessitate that defence organisations do not publish live blast 
test data and therefore they cannot be reviewed here. However, there is limited data 
which can be used to gain an understanding of the behaviour of the floor of a vehicle 
in an under-vehicle explosion. There is no published data which specifically 
characterises the behaviour of a military vehicle floor during under-vehicle explosions, 
however in a number of papers, references are made to live blast data which gives the 
reader confidence into the behaviour of the floor in an under-vehicle explosion. This 
data is summarised in Table 2.3. 
Author 










Wang et al. 
(2001) 
“In a medium-sized armoured 
vehicle, localised floor average 
acceleration and peak velocity 
may typically exceed 100g and 
12 m/s.” 




“…[the injury simulator results in] 
a Hybrid-III tibia response 
comparable to that of full-scale 
mine testing” 





“The loading produced by small 
charges detonated under the 
TROSS
TM
 is comparable to a real 
mine detonation under a military 
vehicle.” 





“full scale military vehicle blast 
test data were reviewed for a 
range of blast 
magnitudes…Review of this data 
revealed three distinct levels of 
impact severity” 
7 
36.7 - - 10 
12 
 
Table 2.3 – References made to live blast data in the literature. 
Numerical simulations of military vehicles subjected to under-vehicle 
explosions have been published. Williams and Fillion-Gourdeau (2007) created a finite 
element model of a light armoured vehicle and simulated the detonation of a 6 kg 
mine, buried 88.1 mm beneath the soil (density = 2301 kg/m
3
), under the vehicle. This 
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model predicted that the floor would reach approximately, 27 m/s within 10 ms, 
although it was not validated against experimental data. 
Cross comparisons of results obtained from different simulators requires a 
variable that is consistent between them. One of the most accurate means of assessing 
the simulator designs is through the response of an ATD to the loading given by the 
impactor. The response of a Hybrid-III impacted in 3 of the injury simulators for 


















3 5.22 5* 
3.8 7.91 4* 
4.6 10.17 3.5* 
6 15.78 2.8* 
7.2 18.91 1.8* 
Van der 
Horst et al. 
(2005) 
Scaled mine blast 
(TROSS) 
None 
Small explosive load 4 5 
Medium explosive load 8.5 5 
Large explosive load 10 4 









Military Boot 13.5* 8.0* 
 
 Table 2.4 – A comparison of parameters estimated from force – time curves from Hybrid-III tests 
on traumatic injury simulators. 
There are many factors which influence the behaviour of the floor of a vehicle 
during an under-vehicle explosion. For example, vehicle design, size of explosive, 
depth of burial, and properties of the soil. There is no one single velocity, acceleration 
or displacement which defines the response of the floor during an under-vehicle 
explosion. Therefore, impact simulators with different designs complement each other 
in gaining a greater understanding of the injuries sustained in this highly dynamic and 
somewhat unpredictable loading environment. It is however, the most severe threats, 
that are both most likely to cause injury and also the most difficult to replicate in a 
controlled experiment. Therefore, designs which accelerate large masses at high 
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velocities are the most valuable as they offer the possibility of replicating a wide range 
of possible ATD force-time responses. 
Injury simulations have been performed in other fields of research, namely 
vehicle collisions. Relevant experiments in this field as well as those in the under-
vehicle research field are reviewed in the following sections. 
2.4.4 Vehicle collisions 
Cadaveric studies simulating the dynamic axial impact seen in frontal car 
crashes have been performed using pendulums, bungee powered impactor sleds and 
pneumatic impactor devices. While, the strain rates seen in vehicle impacts are 
significantly lower than those seen in under-vehicle explosions, it is beneficial to 
review experimental techniques and results from experiments at these strain rates. 
Yoganandan et al. (1996; 1997a; 2000) and Seipel et al. (2001) all used the 
pendulum experimental setup shown in Figure 2.14. During the experiments the knee 
of embalmed specimens was disarticulated such that the entire lower extremity distal 
to the knee remained intact. The proximal tibia was fixed rigidly in 
polymethylmethacrylate (PMMA) and pins were passed transversely through the 
proximal tibial complex to achieve rigid fixation. The specimen was fixed to a sled 
which is mounted on stainless steel rails (2.5 m long). The rig was instrumented with a 
six axis load cell attached to the cart assembly and a load cell and accelerometer 
attached to the pendulum. The pendulum had a mass of 23 kg and was attached to the 
ceiling with multiple cables with a length of 7.6 m allowing maximum impact velocity 
of 7.6 m/s. Unfortunately, the use of this mass and velocity was not justified in the 
paper; it is unclear how these values were arrived at. 
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Figure 2.14 – Schematic of the sled pendulum setup with the below knee complex specimen 
orientated in the neutral position (Seipel et al. 2001; Yoganandan et al. 1996; Yoganandan et al. 
1997b). 
There are a number of limitations with this test setup. 1) the rubber material 
added to the front of the impactor absorbs energy, therefore reducing the force being 
transmitted to the lower limb. 2) This setup does not allow the energy absorbing 
mechanism of the knee bending to be analysed. 3) The specimens used are embalmed. 
Embalming has been shown to alter the mechanical properties of fresh bone (Ohman et 
al. 2008) as well as soft tissues (Fessel et al. 2011; Viidik & Lewin 1966). 4) Due to 
the orientation of the lower limb in these tests the loading of the lower limb 
immediately before the impact is not realistic. 5) Following impact, the pendulum is 
not bought to rest, allowing it to stay in contact with the lower limb and continue to 
apply loading. 
Yoganandan et al. (1996) carried out 52 lower leg PMHS tests performed on 
three different impact devices (26 were performed using the test setup shown in Figure 
2.14, 17 with a „pneumatic piston‟ and 9 with a “constant velocity load device”) at 
three different institutions, and at a range of impact velocities (2.2 - 7.6 m/s) in order 
to create an injury risk curve. Nine of the tests were performed on specimens that had 
already been impacted but had resulted in no observable injury. All specimens were 
mounted as described in the previous paragraph. It should be noted that all 9 
specimens impacted with the “constant velocity load device” were setup with the ankle 
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20° dorsi-flexed. 25/52 of the specimens fractured; interestingly, all 9 specimens 
impacted with the “constant velocity load device” sustained skeletal injury. This is 
likely to be due to the orientation of the ankle joint. The results from these 52 impact 
tests were used to create an injury risk curve that is recommended to be used by 
NATO when assessing injuries to occupants during under-vehicle explosions, one 
problem that the limitations of this study poses when used for this application is that 
the loading rate may be lower than that expected during an under-vehicle explosion. 
One further issue is that when using ATDs to assess injuries it is assumed that the 
force is transmitted through the ATD with similar characteristics as a cadaver. If, for 
example the ATD is too stiff, the force measured in the ATD will be higher than that 
expected in the cadaver and therefore, using the injury curve will result in an 
exaggerated injury risk prediction. 
Yoganandan et al. (1997a) impacted 9 cadaver lower extremity specimens at 
velocities between 2.2 and 7.6 m/s using the test setup shown in Figure 2.14 in order to 
assess the biomechanics of the foot and ankle complex. No fractures were seen up to 
velocities of 4.5 m/s. However, 4 of the 5 specimens tested between 6.7 and 7.6 m/s 
had fractures. Typically, these were to the distal tibia complex and/or the calcaneus, 
with extension into the anatomic joints. The force at the foot plantar surface ranged 
from 4.1 to 17.9 kN, and at the proximal tibial surface from 2.7 to 11.2 kN. 
Again using the tests setup shown in Figure 2.14, Yoganandan et al. (2000) 
tested 24 specimens to study the difference in force required to produce fractures of 
extra and intra-articular fractures of the calcaneus. The average peak force for the 
intact fracture group was 4.14 kN, extra-articular fractures of the calcaneus were seen 
at average peak forces of 7.45 kN and intra-articular fractures were seen at an average 
peak of 8.16 kN. 
Seipel et al. (2001) used the device in Figure 2.14 to impact 22 cadaveric lower 
extremity specimens at velocities between 2.2 and 6.7 m/s, in order to study the 
biomechanics of calcaneal fractures routinely seen in motor vehicle crashes. The 
maximum forces ranged from 3.6 to 11.4 kN for the fracture and 0.5 to 7.3 kN for the 
non-fracture groups. Logistic regression analysis revealed a 50 % probability of 
calcaneal fracture at 5.5 kN and 25 % probability at 4.0 kN. Unfortunately, the authors 
Chapter 2-A review of foot and ankle blast injuries from under-vehicle explosions and factors 
associated with mitigation 
42 
do not justify the use of load as the most important variable in predicting bone 
fracture. 
Bandak et al. (2001) used finite element analysis to model the experimental 
setup shown in Figure 2.14. The results of this study showed the highest stresses being 
found in the calcaneus, followed by the talus and then the tibia. The model also gives 
stress localisation in the lateral-collateral ligaments.  
During vehicle collisions it is common for the driver to be applying a force to 
the brake pedal prior to impact. This force is applied through active muscle tension 
applied through the Achilles tendon. Funk et al. (2002) investigated the effect of the 
amount of force being applied through the Achilles tendon using a linear impacting 
sled as shown in Figure 2.15. A compound pendulum or pneumatic impactor was used 
to strike a padded transfer piston which directs the impact to pure horizontal 
translation of up to 160 mm. The mass of the impactor is not mentioned but the foot-
plate velocity reached approximately 5 m/s. Specimens were placed horizontally in the 
test rig with the knee flexed at 90°. Foam padding was placed between the foot and the 
footplate and around the knee. Specimens were instrumented with a load cell mounted 
in a gap produced by removing 90 mm of the tibia. Acoustic sensors were bonded with 
a cyanoacrylate adhesive to the distal anterior tibia and the medial calcaneus in order 
to detect fracture time. In 22/43 of the tests a tension was applied to the Achilles 
tendon. The axial tibial force associated with a 50 % risk of injury ranged from 3.7 kN 
for a 65 year old 5
th
 percentile female to 8.3 kN for a 45 year old 50
th
 percentile male 
assuming no Achilles tension. The acoustic sensors demonstrated that fracture 
occurred precisely at the time of peak local axial force. The Achilles tension was 
shown to modulate the fracture mode (distal tibia fractures were more common when 
an Achilles tension was applied) and the peak axial tibial force associated with fracture 
of the foot/ankle complex (average of 4.4 kN with no Achilles tension and 6.0 kN with 
the Achilles tension). This is likely to be due to two considerations. Firstly, that the 
Achilles tension compressively loads the distal tibia, but not the inferior calcaneus. 
Secondly, muscle tension applies a plantar flexing moment about the ankle joint, 
shifting the reaction force vector away from the heel, towards the anterior portion of 
the foot. 
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Figure 2.15 – Experimental setup to assess the axial tolerance of the human foot/ankle complex 
and the effect of Achilles tendon (Funk et al. 2002). 
McMaster et al. (2000) impacted 23 cadaveric lower limb specimens in order 
to assess the biomechanics of ankle and hind foot injuries in dynamic axial loading. 
They used a bungee powered impactor sled (Figure 2.16) to provide an axial impact 
similar to that experienced by the legs of a front seat occupant in a frontal collision. 
Unfortunately, the mass and velocity of the impactor was not recorded. The leg was 
fitted into a mounting cup and attached via a clevis to a scaffolding frame. The foot 
was positioned and preloaded prior to each test. A 3 mm thick rubberised sheet was 
positioned between the foot and the load cells to represent the sole of a shoe and a 1.5-
2.5 kN load was applied to the Achilles tendon using a tensioning device. Failure 
occurred at impact loads of 5.7 ± 1.9 kN, and the following injuries were generated: 9 
intra-articular calcaneal fractures; 1 talar neck and 2 talar body fractures; 3 intra-
articular distal tibial (pilon) fractures; 2 malleolar fractures; 3 soft tissue injuries. 
Three had no detectable injury. Achilles tension was noted to be significantly higher in 
the fractures affecting the talus and distal tibia than the group that sustained calcaneal 
fractures. The loads applied to the foot in these tests were very localised due to the 
small impactor. During an under-vehicle explosion, the loading is not this localised.  
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Figure 2.16 - Schematic of the impact rig used by McMaster et al. (2000). 
2.4.5 Under-vehicle explosions 
Anti-vehicular mine blast research is carried out with two experimental 
techniques; scaled blast, and through the use of traumatic injury simulators.  
Scaled blast simulations 
The Test Rig for Occupant Safety System (TROSS™, developed by 
Industrieanlagen-Betriebsgesellschaft (IABG), Germany) is a vehicle floor simulant, 
which utilises scaled detonations to provide the same blast parameters to a vehicle 
occupant as those occurring in an under-vehicle explosion of 2-10 kg of TNT (Figure 
2.17) (North Atlantic Treaty Organisation HFM-090 TG 25 2007). This has been used 
to compare the response of surrogates during an under-vehicle explosion and to define 
input loading conditions for controlled laboratory experiments with cadavers or 
surrogates (Bir et al. 2008; Horst et al. 2005; Manseau & Keown 2005b). There is no 
scientific literature presenting cadaveric testing with TROSS. 
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Figure 2.17 – Photographs of the Test Rig for Occupant Safety Systems (TROSS) setup – (North 
Atlantic Treaty Organisation HFM-090 TG 25 2007). 
Wang et al. (2001) built an in-house rig to test the effect of a false-floor on the 
lower limb. This utilised the frangible surrogate leg (FSL) mounted vertically on the 
floor and an under-floor explosion of 200 g of PE4 (plastic explosive) buried into 
50 mm of dry sand at a stand-off of 600 mm. They found that a false-floor prevented 
fracture of both ankle and lower tibia alike. However, only 2 explosive tests were 
performed in this study, one with the false floor and one without. 
Traumatic injury simulators 
Naturally, blast tests are limited by small sample sizes due to cost limitations 
and may also suffer from poor repeatability and data loss through instrumentation 
failure. Therefore, traumatic injury simulators have been developed to replicate 
vehicle-occupant injury that can produce repeatable data within a laboratory setting.  
Research aimed at studying injuries arising from frontal vehicle collisions have 
used pendulums, drop rigs, pneumatic rigs, hydraulic rigs and accelerated sleds (Bass 
et al. 1997b; Funk et al. 2002; McMaster et al. 2000; Pilkey et al. 1994; Seipel et al. 
2001; Yoganandan et al. 1996; Yoganandan et al. 1997b; Yoganandan et al. 2000). 
Although these impact rigs simulate high impulse impacts, they apply a frontal/multi-
axial load at 2 - 6 m/s within 100 ms, whereas under-vehicle explosions have been 
estimated to apply an axial load at floor-plate velocities of 7 - 30 m/s within 6 - 10 ms 
(Bird 2001; McKay & Bir 2009; Wang et al. 2001; Williams et al. 2002). While a 
number of traumatic injury simulators designed for automotive research reach the 
velocities with similar rise times to the under-vehicle explosion simulators, care must 
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be taken when transferring results from automotive research to under-vehicle 
explosion research to ensure that the rate that the experiments were conducted at are 
appropriate for under-vehicle explosions. 
Current experimental rigs designed to simulate under-vehicle explosions 
operate at the lower end of the estimated floor-plate velocity range. McKay and Bir 
(2009) mounted cadaveric lower-legs to a Hybrid-III pelvis and impacted the foot with 
a 36.7 kg plate at 7, 10 and 12 m/s (Figure 2.18). The use of these impact velocities in 
these tests was justified by the authors reporting that these velocities were identified 
through analysing acceleration data from full scale vehicle tests performed by the U.S. 
Army Tank-Automotive Research Development and Engineering Center (TARDEC), 
however, none of this data were published. While the velocities had some justification 
the mass of the impactor or the displacement after contacting the specimen was not 
justified. Peak loads in the tibia of between 4.5 - 6.1 kN were measured using a load-
cell mounted along the tibial axis by removing 90 mm of the tibia. Replacing bone 
with a load cell may stiffen the mid-diaphysis and reduce the compliance of the tibia 
by inhibiting bending. The average age of samples was high (67 years), and although 
osteopenic specimens were excluded from this study this may still mean that the injury 
curve is conservative when used for military applications where the average age of 
personnel is young. Unlike the injury curves developed by Funk (2002) and 
Yoganandan (1996), age was not considered as a predictor variable. At 7 m/s there 
were /no bone fractures observed. Calcaneal fractures were observed at 10 and 12 m/s 
in all samples; additionally, talar, ankle joint and tibial fractures occurred in some of 
the samples. The authors claim that these injuries are in-line with what is observed in 
the battlefield, however they do not present any of the battlefield data in this paper. 
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Figure 2.18 – Diagram of the impact rig used by McKay and Bir (2009). 
Wang et al. (2001) used a bungee-assisted drop rig to measure the effect of a 
false-floor on reducing the forces transmitted by an under-vehicle explosion through 
the floor to custom built metal surrogate legs. Unfortunately, the authors did not report 
the velocity or energy at impact. They concluded that a false-floor can protect the limb 
from fracture. 
Both the traumatic injury simulators designed for under-vehicle explosion 
research and for automotive research utilise a mass traveling at some velocity that 
interacts with the lower limb such that it accelerates away from the mass. The rigs 
reviewed in this chapter utilise masses ranging from 23 – 36.7 kg; this mass represents 
the effective mass of either the vehicle floor (under-vehicle explosion research) or the 
floor pan (automotive research). This variable may be particularly important as if this 
mass is too low its dynamics may be significantly altered by the interaction with the 
foot. During an under-vehicle explosion the dynamics of the thick vehicle floor are 
unlikely to be affected by its interaction with the occupant‟s feet. A greater 
understanding of this can be gained by performing experiments with and without 
lower limbs mounted in the rigs; the behaviour of the mass should be similar if the 
dynamics of the mass are not affected by its interaction with the lower limb. 
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In summary, both scaled-blast and traumatic injury simulators offer a means to 
analyse injuries caused in under-vehicle explosions. The scaled-blast simulators may 
be a realistic approximation of the phenomenon as they include actual explosive 
detonations, but are expensive and show poor repeatability. The impact rigs may 
realistically simulate the effects of an under-vehicle mine blast to the lower limb in a 
more controlled and repeatable manner and allow for cadaveric testing. However, the 
strain rates at which the injury curves were developed may not be as high as the strain 
rates lower limbs are subjected to during under-vehicle explosions. Furthermore, in 
many of the studies the presence of footwear was not taken into account, and this has 
been previously shown to significantly reduce peak forces in the tibia (Geurts et al. 
2006; Manseau & Lapointe 2005) as well as transferring energy away from the 
calcaneus. Interestingly, the majority of the traumatic injury simulators utilise 
horizontal impacts to the sole of the foot. While it is possible to preload the specimens 
such that the acceleration due to gravity is taken into account in horizontal simulators, 
vertical simulators allow specimens to be mounted without needing to be externally 
preloaded such that the initial conditions are realistic. While preloading specimens 
may be important for automotive research where occupants may be bracing, the short 
durations of under-vehicle explosions mean that this is unlikely to be as important and 
therefore the use of tensioning devices and preloading to simulate this bracing is not 
required. 
2.5 Existing mitigation technologies 
There are a number of designs which have been developed to help mitigate the 
injuries seen in under-vehicle explosions. These are explored in the following sections. 
2.5.1 Vehicle design 
V-shaped hulls have been developed in order to deflect the force of the blast 
wave away from the vehicle, reducing the energy transmitted to the occupants within 
the vehicle when compared with a flat floor (Ramasamy et al. 2011b; Sliwinski 2011). 
Figure 2.19 shows photographs of v-shaped hulls on military vehicles.  
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Figure 2.19 – Photographs of V-shaped hulls (a) Taken from Sliwinski (2011) and (b) Ocelot 
military vehicle taken from Ramasamy (2012a). 
Ramasamy et al. (2011a) analysed casualty data from 2212 mine incidents 
from the Rhodesian War (1972-1980) to investigate whether vehicle modifications (V-
shaped hull, increased ground clearance, widened axles, heavy vehicles and blast 
deflectors) can reduce fatalities and injury rates from mine explosions.  In the 2212 
vehicle mine incidents, 16,456 people were involved. The fatality rate dropped from 
11.4 % to 1.2 % in vehicles which did not have mine protection to those that did. The 
authors of this study concluded that it is possible for vehicle modifications to have a 
significant effect on reducing fatality and injury rates from AV mine explosions. 
As mentioned in the previous section, Wang et al. (2001) performed both 
explosive and drop rig tests (bungee-assisted) to assess the effectiveness of a false-
floor in reducing the severity of injury experienced by the lower limb. They used a 
Frangible Surrogate Limb (FSL), instrumented with strain gauges to assess the injury. 
They conducted two live blast tests with 200 g of PE4 buried 50 mm into dry sand, in 
the first the FSL was in direct contact with a floor plate mounted 600 mm above the 
ground and in the second a honeycomb false-floor plate (6 kN yield load) was placed 
between the floor plate and the FSL foot. In the test without a false-floor the FSL was 
fractured at both the ankle and the lower tibia and the peak strain measured in the tibia 
was over 3.5 % however with the false-floor the FSL remained intact and the strain in 
the tibia was 0.52 %. They concluded that a false-floor can protect the limb from 
fracture. 
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Retrofitting blast protection to light weight vehicles often affects its handling. 
Ballistic protection can weigh in the region of 2000 kg, most light weight vehicles do 
not have the strength to accommodate such large masses (Durocher 2003). Grujicic et 
al. (2009) carried out a numerical study to investigate the effect of the added armour 
on the performance of a high-mobility multipurpose wheeled vehicle. They found that 
both braking and steering were unsuited for the additional load. Schneck (1994) also 
reported that adding mass to lightweight vehicles affected their performance. He 
reported that 5 ton cargo trucks in Somalia were loaded with 4 to 5 tons of sandbags 
such that they were so overloaded that they often resulted in suspension failures.  
2.5.2 Seat design 
The design of the seat in a vehicle is important in order to ensure that the 
energy transmitted to the occupant in a mine blast is as low as possible. A seat which 
keeps the occupant‟s feet away from the floor during an under-vehicle explosion will 
mean that the floor pan deformation will no longer provide an axial impact to the 
lower limb. However, space constraints in vehicles mean that mounting the seats in 
such a way that the occupant‟s feet do not touch the floor is difficult without 
completely redesigning the vehicle. 
Tabiei and Nilakantan (2009) used numerical techniques to investigate the use 
of axial crushing of tubes as an energy dissipating mechanism for the reduction of 
acceleration induced injuries from mine blasts underneath infantry vehicles. A 
graphical representation of their numerical model is shown in Figure 2.20. The seat is 
attached to the upper and lower brackets that slide along the rails. During an under-
vehicle explosion the lower bracket slides up the rail crushing the tubes against the 
upper brackets, thus absorbing energy and reducing the acceleration experienced by 
the occupant.  
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Figure 2.20 – Figure taken from Tabiei and Nilakantan (2009) showing a numerical model of an 
energy absorbing seat structure with Hybrid-III ATD. 
Dong and Lu (2012) investigated the use of a multi-stage non-linear suspension 
for the seat rather than a crushable tube. Using a suspension system rather than a 
crushable tube has the advantage that it can be used more than once without needing to 
be replaced. Again, using numerical techniques, Dong and Lu (2012) performed a 
parametric optimisation of the characteristics of the seat suspension which showed that 
it was possible to reduce the peak acceleration of the pelvis by a further 11.7 % on top 
of the reduction the initial design already provided. The parametric optimisation used 
in this study demonstrates the possible advantages of using numerical techniques to 
improve an initial design, in particular where the design is required to meet two 
different requirements; in this case the multi-stage system allows the seat to provide 
both comfort and protection from blast loading. This is a technique that could also be 
applied to optimise the design of lower limb mitigation.  
Alem and Strawn (1996) compared the performance of an energy-absorbing 
seat against a standard seat through a full-scale live blast test on a 5-ton truck. Hybrid-
III ATDs were positioned in both the passenger‟s seat which was energy absorbing 
and driver‟s seat that was standard and a mine was detonated centrally under the truck. 
The force measured at the lumber spine was 38 % lower in the ATD in the energy 
absorbing seat in comparison to the standard seat. While this study only assessed the 
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performance of the energy absorbing seat at one threat level, this reduction in peak 
force at the lumber spine demonstrates the potential energy-absorbing materials could 
have in reducing forces transmitted to the lower limbs of occupants during under-
vehicle explosions. 
Kargus et al. (2008) evaluated 10 unique seat designs, 3 of which incorporated 
energy absorbing sub-assemblies using a drop test. The seats were mounted to the 
falling mass and an ATD was positioned in the seat. The seats were dropped from 
heights between 20 - 70 inches (0.508 - 1.778 m) such that the velocity at impact 
ranged from 2 - 9 m/s and the vertical pelvis acceleration measured in the ATD was 
used to calculate the Dynamic Response Index (DRI). The DRI is an injury predictor 
for the human spine during vertical shock loading, based on a lumped single-degree of 
freedom spring-damper system, it can be used to calculate a dimensionless number 
that is proportional to the risk of spinal injury. NATO recommends a threshold DRI of 
17.7 during anti-vehicle mine blasts (North Atlantic Treaty Organisation HFM-090 TG 
25 2007). The three seats that incorporated energy absorbing sub-assemblies reached 
the DRI threshold level at an average velocity of 6.9 m/s compared to 6.6 m/s for those 
without such components. It is however, worth noting that research conducted by 
Cheng et al. (2010) studied the differences in assessing blast mitigation seats using 
both a drop-tower and actual blast events and they found that results obtained from 
drop-tower tests can overestimate the performance of blast resistance seats. The reason 
for this can be attributed to the initial conditions in the test, for example in a drop test 
decoupling between the ATD and the seat is seen as the carriage is falling. 
2.5.3 Floor mats 
Energy absorbing floor mats offer a means of protecting occupants during 
under-vehicle explosions without having to redesign the whole vehicle since they can 
be easily fitted, where space is available. A number of studies have been performed to 
examine the effectiveness of these mats in reducing the severity of injury during an 
under-vehicle explosion. 
Quenneville and Dunning (2011) conducted impact tests using 5 commercially 
available floor mats. A Hybrid-III ATD lower leg was used to simulate the human leg. 
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The ATD was supported at the knee, positioned horizontally, with the foot resting on 
the floor mat which was positioned up against a plate. A 6.8 kg cylindrical projectile 
(radius = 3.3 cm) was accelerated down a tube, impacting the back of the plate at a 
range of velocities (2.2 to 7.0 m/s). Load was measured on the Hybrid-III lower tibia 
load cell. Five impact tests were then performed on each of the five designs: Uniprene 
MitiGator (SEA Systems Group, Clarksville, VA, USA), Urethane MitiGator (SEA 
Systems Group, Clarksville, VA, USA), Monprene MitiGator (SEA Systems Group, 
Clarksville, VA, USA), Skydex (Skydex Technologies. Centennial, CO, USA) and AV 
Foot Pad (Allen Vanguard. Ottawa, ON, Canada) as well as with no floor mat at all. 
The MitiGator floor mats are made from a number of elastomeric materials, formed in 
a hexagonal cell structure with interconnecting air vents, Skydex consists of double 
layers of hemispheres made by injection moulded plastic and the AV-foot pad is a 
single-use blast protection system that is filled with a stiff compressible foam centre. 
All floor mat designs reduced the force in the tibia, this reduction ranged from 35 – 
77 %, with the three MitiGator products showing the greatest reduction. Interestingly, 
the Skydex did not perform as well at low velocity impacts (just a 45 % reduction in 
peak force from the tests with no blast mat) but did at higher velocities (a 75 % 
reduction). This demonstrates the importance of considering the response of the 
mitigation technologies at a range of impact severities. The high performance of the 
MitiGator and Skydex demonstrate that both materials and geometry are potential 
parameters to be optimised to provide effective mitigation. 
McKay (2010) conducted impact tests on 5 kinetic energy absorbing materials. 
These were a collapsible steel plate, aluminium commercial grade (ACG) at 3 different 
crush strengths; 414 kPa, 827 kPa and 1689 kPa and finally an aluminium foam with a 
crush strength of 9308 kPa. The impact rig shown in Figure 2.18 was used with the 
floor mat samples mounted to the impactor footplate which impacts a MiL-Lx. Load 
was measured at the upper tibia load cell. The change in peak force ranged from a 
31 % reduction to an 8 % increase. Interestingly, the ACG 827 kPa specimen 
performed better than any other designs reducing the tibia force at each of the 3 
velocities. Since there were 2 mats with higher crush strengths and 1 with a lower 
crush strength this suggests that there may be an optimal strength under the impact 
conditions tested, if the mat has a high crush strength it may not compress completely, 
therefore less force would be absorbed in comparison to if it had compressed 
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completely. Conversely, if it is not stiff enough it may crush very quickly and bottom 
out, resulting in a higher transmitted force. 
2.5.4 Combat boots 
It has previously been shown that the style of shoe can vary the load 
transferred to the lower limb during a frontal car crash by up to 20 % (Crandall et al. 
1996). Although the effectiveness of different combat boot styles in reducing the force 
transmitted during under-vehicle explosions has not investigated previously, the 
combat boot has been shown to reduce the force transmitted in comparison to no boot 
at all. 
Manseau and Keown (2005a) performed scaled-blast tests using 2 surrogates 
(Complex Lower Limb the and Hybrid-III) to evaluate the effect of the military boot 
on the tibia loading response and injury severity. Tests were performed using the 
TROSS (Figure 2.17). Figure 2.21 shows that while the impulse was similar the 
military boot reduced the peak tibia axial force by approximately 30 % and reduced 
the loading rate by 43 % in comparison to no military boot measured by the Hybrid-III 
and results from the Complex Lower Limb (CLL) tests indicated that wearing a 
military boot mitigates calcaneal fractures. 
Chapter 2-A review of foot and ankle blast injuries from under-vehicle explosions and factors 
associated with mitigation 
55 
 
Figure 2.21 – Experiments conducted using a Hybrid-III on the TROSS setup, with and without a 
combat boot. The units of the H3 tibia axial force is Newtons. Taken from North Atlantic Treaty 
Organisation HFM-148/RTG (2011). 
During the experiment conducted by Quenneville and Dunning (2012) 
described in the human surrogates section of this chapter (Section 2.4.2) both the 
Hybrid-III and MiL-Lx were also impacted with the 6.8 kg projectile with and without 
a hiking boot. The addition of the hiking boot reduced the peak forces by 
approximately 65 % at the highest impact velocities (7 m/s). Unfortunately, different 
combat boot designs were not assessed in this study. 
2.6 Summary 
This chapter reviewed the clinical data regarding the injuries sustained by 
occupants during under-vehicle explosions, identifying the lower extremity as the most 
commonly injured body zone with calcaneal injuries resulting in particularly poor 
outcomes (Ramasamy et al. 2011c; Ramasamy et al. 2011d). 
This chapter also explains how the effectiveness of vehicle design in terms of 
mitigating these injuries is assessed as well as why these criteria are used. A review of 
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current injury simulators highlights the potential of using such technologies to assess 
mitigation, and the importance of understanding the advantages and limitations of 
current anthropometric test devices to simulate the response of a human lower limb. 
The review identifies a number of important parameters when attempting to replicate 
the lower limb loading seen during an under-vehicle explosion and it identified the 
potential benefits of designing a new traumatic injury simulator which can more 
accurately represent the response of the floor during an under-vehicle explosion. 
Finite element models has been shown to be an effective tool for this area of 
research through the improvements in seat design to protect occupants during under-
vehicle explosions but there is a gap in the literature when it comes to using finite 
element modelling to improve mitigation for the lower limbs. 
The current mitigation technologies were reviewed, identifying the combat 
boot and blast mats as areas which may be able to make a difference to the force being 
transmitted to the lower limb without the need to redesign the vehicle. While there is 
literature demonstrating that the combat boot can reduce the force transmitted to the 
lower limb by up to 65 % there is no data comparing the effectiveness of different 
combat boot designs in reducing the force being transmitted to the lower limb. One 
aim of this thesis is to compare current combat boot designs and another is to assess 
floor mats; an important outcome from this review is that it is clear there is no 
consistent method used to assess mitigation technologies for this application. 
Therefore, in the following chapter a simple experiment is described to compare the 
response of two commonly used combat boots under high-rate loading. 
 
 This chapter has been published in part as: Newell N, Masouros SD, Pullen AD, Bull AMJ. The 
comparative behaviour of two combat boots under impact. Injury Prevention 18, (2012), 109-112. 
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CHAPTER   3  
COMPARISON OF THE BEHAVIOUR OF TWO 
COMBAT BOOTS AND A RUNNING SHOE 
UNDER IMPACT 
The literature review in Chapter 2 has shown that combat boots can attenuate 
the forces being transmitted to the lower limb during an under-vehicle explosion. 
However, the effectiveness of different combat boot designs and different footwear in 
attenuating these forces has not previously been compared. This chapter presents an 
experiment to assess the ability of different footwear designs to attenuate those forces. 
The results of this chapter will provide the data which will be used to validate the 
finite element model in Chapter 6. 
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3.1 Introduction 
A review of the literature in Chapter 2 provided evidence that the combat boot 
can offer some protection to occupants during under-vehicle explosions (Manseau & 
Keown 2005a; Quenneville & Dunning 2012). While the use of traumatic injury 
simulators and scaled blast tests offer a more realistic loading environment, there 
remains a need for a simple dynamic test which could be performed on footwear to 
give an indication of how it will perform in terms of protecting occupants from under-
vehicle explosions. Two combat boot designs were chosen to be assessed as they were 
the most commonly used by UK troops. While the designs of these two combat boots 
differed, there were also a number of similarities, therefore, in order to assess the 
effect of more drastic differences in footwear design the behaviour of a trainer was 
added to the comparison. A comparison between running shoes and combat boots at 
these high energy levels has never been assessed. 
Current international protocols test athletic footwear under impact using 
gravity-driven devices that impart an energy that simulates heel strike during running 
(5 Joules) (American Society for Testing Materials 1999; BS EN ISO 20344: 2004 
2004; Wilson 1984; Wilson 2006). However, impact tests performed on the soles of 
skateboarding shoes at energies of up to 44 J demonstrated that the relative shock-
absorbing characteristics of different shoes vary at different energies (Determan et al. 
2009), suggesting that it is of value to test footwear up to the energies expected to be 
seen during use. An energy of 44 J was chosen for these tests because it matched the 
energies recorded when examining kinetic and kinematic data of skateboarder‟s 
bailing out found in previous research conducted by the same authors 
The hypothesis of this chapter is, therefore, that different footwear offers 
variable levels of shock absorption that can be assessed using mechanical testing. 
Proving this hypothesis will allow future footwear designs to be mechanically tested to 
assess their behaviour at high rates of strain before defence clothing departments 
proceed with procurement. 
The aim of this chapter is to 1) to develop a simple test methodology to 
compare the behaviour of combat boots and a running shoe under impact at the 
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loading rates expected in an under-vehicle explosion and 2) to assess two different 
combat boot designs using this test methodology and 3) to compare the behaviour 
under impact of combat boots and a running shoe. 
3.2 Methods 
Test setup and samples 
Tests were performed using an Instron Dynatup 9250-HV (Instron, High 
Wycombe, UK) spring-assisted drop-weight rig (Figure 3.1). 
 
 Figure 3.1 - Schematic of the Instron Dynatup 9250-HV and the experimental setup. 
Eight new, same-size (UK size 9) combat boots, from the two most common 
brands used by UK troops, were used in this study; namely the Meindl Desert Fox 
(Lucas Meindl GmbH and Co, Kirchanschoring, Germany) and the Lowa Desert Fox 
combat boot (Lowa Sportschuhe GmbH, Jetzendorf, Germany). Eight new, same-size 
(UK size 9) Mizuno Wave running shoes (Mizuno Corporation, Osaka, Japan) were 
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also used in this study. The upper part of each sample was cut away to leave the insole, 
insole board, midsole and outsole. Photographs of cross-sections of the heel of each 
footwear design are shown in Figure 3.2 and the key geometric features are shown in 
Table 3.1. 









 Figure 3.2 – Photograph of a cross-section of the heel of the tested footwear. (a) Meindl Desert 
Fox Combat boot (b) Lowa Desert Fox Combat boot and (c) Mizuno Wave running shoe. 
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board Midsole Outsole Air Total 
Meindl 3.08 2.54 6.85 23.41 4.42 - 40.30±0.53 
Lowa 3.10 - 5.66 18.80 10.01 - 37.57±0.29 
Mizuno 3.69 3.36 - 11.16 1.62 12.82 32.65±0.28 
 
Table 3.1– Thickness of each material layer at the centre of the heel of the three shoes. All 
measurements are in mm and are an average of 3 measurements made with digital callipers with 
resolution of 0.01 mm. 
Each sample was placed on a flat solid-steel surface and impacted at the heel 
with a 7.45 kg impactor (or tup) with a 50 mm diameter head to simulate a heel. 
Markers were used on the solid steel plate to ensure that the samples were positioned 
at the same place before each test, thus ensuring that the tup impacted at the same 
location on the heel. Each sample was impacted at energies of 7.9 ± 0.4, 15.7 ± 0.6, 
45.2 ± 0.6, 137 ± 0.3 and 518 ± 6 J, the last being the energy produced when the 
impact occurred at approximately 12 m/s. All tests were conducted at 22 ± 1°C. 
Methods development 
Preliminary tests were used to develop the methods for these experiments. The 
purpose of these were to determine a) if an arbitrarily chosen minimum time between 
tests was sufficient for the combat boot materials to relax and b) whether new combat 
boots would be required for each impact. 
Table 3.2 shows results from preliminary tests where the same sample was 
impacted twice at 7.9 J with a 15 minute relaxation time. The force-time response in 
terms of peak force and time to peak force was repeated (within 3 %) and therefore it 
was determined that 15 minutes was an adequate period of time to allow the materials 
in the footwear to relax. 
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Percentage difference (%) 
Meindl Lowa Mizuno 
Peak force (kN) -0.9 -0.3 +1.5 
Time to peak force (ms) +0.4 +1.7 -1.7 
 
Table 3.2– A comparison of the force-time curves after an initial impact and a second impact 15 
minutes later. Both the peak force and time to peak force were within 3 % of the original value 
leading to the conclusion that 15 minutes of relaxation is sufficient between impact tests. 
In order to determine whether new combat boots were required for each 
impact, between tests at 45.2 and 137 J the boots were impacted again at 7.9 J and the 
resulting behaviour was compared to the original in order to assess whether any 
permanent changes had occurred in the meantime. Table 3.3 shows that there was a 
repeated response (within 3 %) in terms of peak force and time to peak force between 
the first and second tests at 7.9 J. Therefore, the same samples could be used for 
impacts at all energy levels. 
 
Percentage difference (%) 
Meindl Lowa Mizuno 
Peak force (kN) +1.9 -1.9 +2.3 
Time to peak force (ms) +2.6 -2.9 -1.5 
 
Table 3.3 – A comparison of the force-time behaviour at the original impact of 7.9 J and the 
impact at 7.9 J after it had been tested at 3 higher energy levels. Both the peak force and time to 
peak force were within 3 % of the original value leading to the conclusion that testing at the 
higher energy levels does not permanently damage the footwear. 
Instrumentation 
The drop-weight rig is equipped with a sensor to measure the velocity of the 
tup prior to impact and to trigger data collection. The height of this was adjusted for 
each sample to ensure the data started to be recorded just a fraction before the tup first 
came into contact with the sample. The impactor had a built-in force transducer 
(222 kN ± 1 %), which recorded the force history directly. Sampling was set at a rate 
of 330 kHz. The velocity during impact was calculated by integrating the acceleration 
data, which was calculated from the force history data and the impactor mass. The 
footwear deformation was quantified through compressive displacement at the point of 
contact; this was calculated by integrating the velocity history data. The energy 
absorbed by the sole was calculated assuming it to be equal to the loss in kinetic 
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energy of the impactor. The latter was calculated for each test from initial and rebound 
velocities, which were determined using high-speed video (Phantom V12.1, frame 
rate: 4000 fps, resolution: 1280 × 800). 
The load cell was not located at the very tip of the tup (Figure 3.3). Therefore, 
there was some mass below the load cell (mbelow = 1.45 kg) and some above 
(mabove = 6 kg). The force at the load cell (Floadcell) is calculated through measuring the 
strain (ε) with gauges bonded 100 mm from the tip of the tup.  
 
Figure 3.3 – Simplified diagram of the impacting mass. The dark grey shaded region represents 
the mass above the load cell and the light grey shaded region represents the mass below the load 
cell. 
The Young‟s Modulus (E) of the material of the tup is known. This enables the 
stress (σ) to be calculated using the following relationship: 
     [3.1] 
As the area (A) is known, the force at the loadcell can be derived using: 
  
         
 
 [3.2] 
Substituting [3.2] into [3.1]: 
              [3.3] 
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However, this does not account for the force created due to the acceleration (a) 
of the mass below the point at which the strain is measured, meaning that the force 
measured at the load cell will be lower than the force applied to the sample (Fsample). In 
order to account for this the acceleration at the point that the strain is measured is 
required. This is calculated through multiplying the force at the load cell (Floadcell) by 
the mass above the strain gauges (mabove = 6 kg). 
                 [3.4] 
This acceleration is then multiplied by the mass below the strain gauges 
(mbelow = 1.45 kg) to produce the additional force that is applied to the sample (Fbelow). 
               [3.5] 
This additional force can then be added to the force measured at the loadcell to 
find the force applied to the sample: 
                         [3.6] 
Differences between samples in terms of peak force, displacement at peak 
force, time to peak force and percentage energy absorbed were compared for 
differences using a two-tailed unpaired Student‟s t-test with the significance level set 
at 0.05. 
3.3 Results 
All samples of Meindl Desert Fox combat boot fractured at 518 J while all 
samples of the Lowa Desert Fox combat boot stayed intact. Figure 3.4 shows an image 
of a fractured Meindl combat boot pre- and post-impact. 





 Figure 3.4 – Photographs of the insole of the Meindl Desert Fox Combat boot (a) pre and (b) post 
impact at the highest energy level (518 J). The black arrow in the post impact photograph points 
to a fracture line on the insole. Fractures like this were seen in all Meindl samples after tests at 
this energy level. 
All samples of the Mizuno Wave running shoe fractured at 137 J and therefore 
were not tested at 518 J. Photographs of the damage to the Mizuno Wave running 
shoes are shown in Figure 3.5. 









 Figure 3.5 – Photographs of the Mizuno running shoe post impact at the highest energy level that 
this show was tested at (137 J) (a) penetration through the insole (b) showing that penetration 
goes through the insole into the midsole layer and (c) photograph showing that damage was also 
visible on the outsole. Damage like this was seen in all of the Mizuno samples after tests at this 
energy level. 
The force-time response of these samples was affected by the fracturing. 
Figure 3.6 shows typical force-time responses of both the Meindl Desert Fox combat 
boot and Mizuno Wave running shoe at the highest energy level. The curves are not 
smooth as they are in impacts at the lower energy levels. The damage to the Mizuno 
has a greater affect on the force-time curve than the Meindl as the impacting tup 
comes into contact with the solid steel plate beneath the sample after penetrating 
through it, this causes a large spike in the force-time curve (Figure 3.6). 
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 Figure 3.6 – Force response from the fractured samples after tests at 518 J. Fracture was seen 
just on the insole of the Meindl Desert Fox but the whole of the heel was fractured in the Mizuno 
allowing the impactor to penetrate through the sample. 
In order to perform statistical analysis, the data were first tested for normality. 
A Shapiro-Wilk analysis was performed using an alpha level of 0.05 which resulted in 
the conclusion that the peak force, peak deflection, time at peak deflection and 
percentage energy absorbed from both the combat boots and Mizuno Wave at all 
energy levels apart from those where fracture was seen (137 J for the Mizuno and 
518 J for the Meindl) were distributed normally. 
At impact energies lower than 518 J, no damage was seen to either combat 
boot and below 137 J no damage was seen to the Mizuno Wave running shoes. Force-
time and force-displacement traces for the 8 tests performed at 45.2 J can be seen in 
Figure 3.7. 





Figure 3.7 - Average (a) force-time and (b) force-deflection from the tests at 45.2 J. The grey 
shading indicates ± 1 S.D. (each line represents n=8). 
Average values from the tests are summarised in Figure 3.8 and Figure 3.9. 
The peak force exhibited by the Meindl Desert Fox combat boot is significantly lower 
(p < 0.05, n = 8) than that exhibited by the Lowa Desert Fox combat boot at all energy 
levels except for at 137 J and the peak force exhibited by the Mizuno Wave running 
shoe was significantly lower than both combat boots at 7.9 and 15.7 J and significantly 
higher (p < 0.05, n = 8) than the Meindl Desert Fox combat boot at 45.2 J. 
The displacement at peak force exhibited by the Meindl Desert Fox combat 
boot is significantly higher (p < 0.05, n = 8) than that exhibited by the Lowa Desert 
Fox combat boot at all energy levels. The displacement at peak force in the Mizuno 
was significantly higher (p < 0.05, n = 8) than both combat boots at the three lowest 
energy levels.  







Figure 3.8 - Average values of (a) peak force (b) displacement at peak force for each specimen 
(n=8 samples) across the range of imparted energies. *denotes significant difference (p < 0.05, 
n=8).  
The time to peak force exhibited by the Meindl Desert Fox combat boot is 
significantly higher (p < 0.05, n = 8) than that exhibited by the Lowa Desert Fox 
combat boot at all energy levels apart from at 7.9 J. At all three of the lower energy 
levels, the time to peak force in the Mizuno is significantly higher (p < 0.05, n = 8) 
than both combat boots. The energy absorbed by the Meindl Desert Fox combat boot 
is similar to that exhibited by the Lowa Desert Fox combat boot at all energy level 
apart from at 7.9 J where it is significantly greater. The Mizuno Wave running shoe 
absorbs significantly more energy (p < 0.05, n = 8) than either combat boot at all three 
of the lower energy levels. 







Figure 3.9 - Average values of (a) time at peak force and (b) percentage energy absorbed for each 
specimen (n=8 samples) across the range of imparted energies. *denotes significant difference (p < 
0.05, n=8). 
3.4 Discussion 
Full-scale mine blast tests have shown that vehicle floor deformation can reach 
velocities of 12 m/s (Wang et al. 2001). However, floor behaviour depends upon the 
vehicle, and the type and placement of the mine. Therefore, there is a range of velocity 
and acceleration time responses of the deforming floor. The aim of this chapter was 
not to recreate these specific responses on a boot; rather, it aimed at comparing two 
brands of combat boot and a running shoe under impact at ever increasing velocities 
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until they were compromised. Therefore, impact tests were performed at up to one 
hundred times the energy indicated by current test standards to assess the behaviour of 
the two most common types of combat boots currently (2010) deployed to UK troops 
and a Mizuno Wave running shoe.  
At the highest energy level (518 J) the Lowa Desert Fox combat boot did not 
fracture, while fracture was seen in all 8 of the Meindl Desert Fox combat boot 
samples. Fracture was occurring consistently in the Meindl insole (Figure 3.4) and was 
also seen consistently in the insole, midsole and outsole in the Mizuno Wave running 
shoe at 137 J (Figure 3.5). Fracturing may render the footwear unserviceable, but 
serviceability is unlikely to be an important issue following an impact event at this 
energy level. The mechanical process of fracturing itself dissipates energy, which may 
result in a significant reduction in energy transferred to the lower limb, therefore, 
during an under-vehicle explosion, fracture of the combat boot may be more desirable 
than non-fracture. However, it is noted that fracture occurred only at the highest 
energy level. The significance of results at this energy level are discussed in more 
detail in the following paragraph. It is possible for a boot after a blast to be structurally 
intact while the foot inside is so damaged that it is not possible for it to be surgically 
salvaged (Chaloner et al. 2002). 
The injury tolerance curves described in Chapter 2 can be used to determine 
the level of loading that is most important in these tests. The curves show that at forces 
above 9 – 10 kN the probability of an AIS 2+ injury is above 90 %. The average forces 
in the Meindl and Lowa combat boot at the 137 J impact tests were 14.91 and 
14.86 kN, respectively, therefore at this level of loading the difference between the 
shoes are largely irrelevant because the probability of injury at this level of loading is 
extremely high and neither combat boot is likely to reduce the probability of injury 
significantly. Similarly, at the lower energy levels the forces are so low that the 
differences between the combat boots are small in terms of probability of injury. This 
is highlighted in Table 3.4 where the differences between the shoes in terms of 
probability of injury using the injury curve for a 45 year old developed by 
Yoganandan et al. (1996) are shown. These calculations are made through the use of 
the peak force recorded during the impacts of each shoe. At the highest energy level 
the force is so high that the probability of injury for both combat boots is 99.9 %. At 
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the lower energy levels the probability of injury is low; below 3.0 % for all shoes at 
7.9 J and below 10.6 % for all shoes at 15.7 J. It is therefore the performance of the 
combat boots at 45.2 J that may be most relevant as the Meindl Desert Fox combat 
boot results in a 16.5 and 18.4 % lower probability of injury in comparison to the 
Lowa and Mizuno shoes, respectively. 
Energy (J) 
Probability of an AIS 2+ injury (%) 
Meindl Lowa Mizuno 
7.9 1.4 3.0 0.3 
15.7 5.2 10.6 1.3 
45.2 27.2 43.7 45.6 
137 99.9 99.9 - 
 
Table 3.4 – A comparison of the probability of injury between the combat boots at the energy 
levels tested using the Yoganandan et al. (1996) injury risk curve for a 45 year old male. This is 
the injury curve recommended for use by NATO (2007). 
At the test performed at 45.2 J, the Meindl Desert Fox combat boot transferred 
a smaller force over a longer time than the Lowa Desert Fox combat boot. The first 
3 ms of the force-time curve and the initial 8 mm of deflection shown by the force-
displacement curve are non-linear (Figure 3.7). This is due to the back of the heel 
being slightly elevated above the solid steel plate until enough force is applied to cause 
contact between the solid steel plate and the back of the heel. At 137 J, while the two 
combat boots transfer a similar peak force, the Meindl Desert Fox combat boot 
transfers the force over a longer period of time than the Lowa Desert Fox combat boot. 
The resulting reduced energy transfer rate is likely to be beneficial in reducing the 
trauma experienced by the lower limb. These differences in performance could be 
attributed, at least partly, to the differences in geometry of the combat boots. The 
Meindl Desert Fox combat boot is 2.73 mm thicker than the Lowa Desert Fox combat 
boot at the heel and has a 4.61 mm thicker mid-sole layer (Table 3.1). Wilson (2006) 
showed that maximum deceleration has a negative linear relationship with thickness in 
polymers, rendering thickness a key factor in determining the performance of footwear 
under impact.  
Comparing the response of the Mizuno Wave running shoe at the lower energy 
levels (7.9 and 15.7 J) where the Mizuno Wave running shoe did not fracture, the peak 
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force was lower, the maximum displacement was higher, the time to peak force was 
higher and the energy absorbed was higher. Suggesting that at these energy levels, the 
running shoe may offer more protection than the combat boots during an under-vehicle 
explosion. However, if there is penetration of the running shoe, as was seen at 137 J 
The peak force transferred increases significantly which is likely to result in more 
severe injuries. 
Impact tests carried out on four different skateboarding shoes using the ASTM 
standard (5 J) produced an average peak load of 1.8 ± 0.2 kN (Determan 2009). This is 
higher than the peak load experienced by the running shoe (0.9 kN) and comparable to 
that experienced by the combat boots at 7.9 J (1.5 and 1.9 kN) in our study. The four 
skateboard shoes had on average a maximum compressive displacement of 7.9 ± 0.2 
mm, which was comparable to the combat boots (7.9 and 6.1 mm) in this study; 
however, the maximum compressive displacement seen in the running shoe (15.2 mm) 
in this study was double that of the skateboard shoes. The peak load experienced by 
the skateboarding shoes when impacted at 44 J (9.5 ± 0.9 kN) was much higher 
compared to the combat boots and the running shoe (4.0, 5.1 and 5.2 kN, respectively) 
when impacted at 45.2 J in this study. The average maximum compressive 
displacement of the skateboarding shoes was 16.5 ± 0.5 mm, which was similar to the 
combat boots (17.8 and 15.4 mm), but significantly lower than the running shoe 
(28.7 mm). This comparison shows that the combat boots have an equivalent level of 
cushioning to the skateboarding shoes at low energies; however the combat boots 
perform better at the higher energy, exerting a lower peak load with a similar 
maximum displacement. 
One must be cautious when extrapolating these results to determine which 
combat boot will offer most protection in an under-vehicle explosion, as the 
experiment presented here is not attempting to replicate the battlefield. Rather, this 
study assesses whether different footwear behave differently at ever increasing energy 
levels by testing at impact velocities higher than those used in current test standards 
(American Society for Testing Materials 1999; BS EN ISO 20344: 2004 2004). An 
under-vehicle explosion produces rapid displacement of the floor of the vehicle, which 
impacts the soles of the footwear worn by the occupants in a predominantly axial 
direction, forcing their legs upward, away from the vehicle floor. While the velocity of 
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the floor in an under-vehicle explosion can be measured from live blast experiments, it 
is difficult to estimate the energy of the impact on the combat boot as there are a 
number of unknown influential variables, such as the equivalent mass of the vehicle 
floor, the size of the explosive, the depth of burial of the explosive and the vehicle 
structural design itself. Therefore, the methods used to impact the combat boots in this 
study are rather different to the situation seen in the battlefield; the boots were 
impacted directly on the insole against a rigid surface at ever increasing velocities until 
fracture was seen. The reason for selecting this method for testing is that current test 
standards simulate heel strike during running, where the tup represents the heel and the 
rigid surface represents the floor, this is a simplification of the loading seen during an 
under-vehicle explosion where the contact area between the foot and combat boot will 
be larger and therefore the deformation of the combat boot may be less localised. 
While the energy being transferred to the sole of the combat boot in an under-vehicle 
explosion is likely to be higher than the 518 J used here, the boot is not constrained 
against a rigid surface in a vehicle and therefore the maximum strain and strain rate of 
the boot material during an under-vehicle explosion is likely to be within the range 
tested in this study. Other effects on the boots, such as wear, the temperature at impact, 
direction of impact and the interaction with the human could also have an influence on 
the results presented here. 
One possible methodological shortcoming with this study could be that the 
relaxation time was assessed at the lowest impact energy. While a relaxation time of 
15 minutes was sufficient at this energy it is possible that at higher energies when the 
peak strain is larger a longer time was required for the materials to relax. However, 
both boots were given the same amount of time to relax between impacts and therefore 
the trends in behaviour of the two boots are unlikely to change.  
3.5 Conclusions 
This chapter presents an experimental method which is simple, repeatable and 
allows the evaluation of the behaviour of different combat boots and a running shoe 
under ever increasing impact velocities. The tests demonstrated that the behaviour of 
footwear varies under impact over a range of energy levels, and there were significant 
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differences in performance of two combat boots deployed in the current theatres of 
operation. The differences in performance seen in the two combat boots used in this 
study at high and low energy levels demonstrates the necessity to carry out tests at 
high energies such as those seen in under-vehicle explosions on current and future 
combat boot designs.  
Although the effectiveness of a combat boot on reducing lower limb injury risk 
during an under-vehicle explosion has not been quantified rigorously, the work in this 
chapter has shown that there is rationale in adding the performance of combat boots 
under impact at energies above those set out in international standards to the list of 
criteria for the selection of a combat boot (American Society for Testing Materials 
1999; BS EN ISO 20344: 2004 2004). 
3.6 Summary 
While this chapter has demonstrated that there is a difference in the shock 
absorbing capacity of the two most commonly used combat boots, the loading 
provided to the combat boots might not accurately replicate the loading transferred 
from the floor to the combat boot during an under-vehicle blast. In an under-vehicle 
explosion the loading is transferred through the combat boot through an impact from 
underneath the boot and the boot can move globally as the occupant‟s knee bends. In 
these tests the insole of the footwear is impacted and there is a rigid surface below, 
thus arresting global displacement. 
Therefore, there is a need to design experimental apparatus that is able to 
recreate this loading, providing a test bed to assess mitigation technologies in a more 
realistic environment. The specification, design, instrumentation and characterisation 
of AnUBIS, which is an Anti-vehicle Under Belly Injury Simulator, is described in the 
following chapter. 
 This chapter was published in part as: Masouros SD, Newell N, Ramasamy A, Bonner TJ, West ATH, Hill 
AM, Clasper JC, Bull AMJ (2013). Design of a traumatic injury simulator for assessing lower limb 
response to high loading rates. Annals of Biomedical Engineering, 41(9):1957-1967. 
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CHAPTER   4  
SPECIFICATION, COMMISSIONING, 
INSTRUMENTATION AND CHARACTERISATION 
OF ANUBIS  
This chapter describes the development of an Anti-vehicle Under Belly Injury 
Simulator (AnUBIS) able to replicate the behaviour of the floor during an under-
vehicle explosion. It provides the capacity to conduct experiments using cadavers and 
ATDs in a range of postures. The development of AnUBIS is important as it will be 
used to gain a greater understanding of the mechanism of injury, the biofidelity of 
ATDs and the effectiveness of mitigation technologies. 
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4.1 Introduction 
The injuries seen in under-vehicle explosions are likely to occur in the first few 
milliseconds after the explosion. Analysis of the mechanism of these injuries is 
difficult without reproducing them in an environment where the injury can be 
controlled and appropriate sensors can be used to gain an insight into what is 
happening to the lower limb in those few milliseconds after the explosion. 
The most realistic means of experimentally reproducing the behaviour of the 
floor of a vehicle during an under-vehicle explosion is through the use of full scale 
live-blast testing. STANAG AEP-55 is a test standard, set out by the North Atlantic 
Treaty Organisation (NATO), which provides details on how these tests should be 
performed (North Atlantic Treaty Organisation AEP-55 2006). Military vehicles are 
subjected to live blast tests prior to being used in operation, however, as discussed in 
more detail in Chapter 2, full scale live blast tests have a number of disadvantages.  
Traumatic injury simulators offer a repeatable means of simulating an impact 
event by accelerating a mass to a target velocity and then decelerating the mass back to 
rest within a short time and over a small distance. A number of traumatic injury 
simulators have been described previously in Chapter 2. The design of each rig is 
characterised by a number of parameters, for example mass, velocity, acceleration, 
displacement, time to peak velocity, time to peak acceleration, time to peak 
displacement and stiffness of compliance between impactor and target. Each of these 
parameters have an effect on the response of the lower limb (target) and therefore one 
must be cautious in comparing simulators without taking all of these parameters into 
consideration, however two parameters which are consistently reported in the literature 
when describing simulators are the mass and velocity of the impactor, therefore these 
parameters for a number of traumatic injury simulators are presented graphically in 
Figure 4.1 and numerically in Table 4.1. 
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Figure 4.1 – The peak velocity and mass of accelerating plates of current impact rigs used for both 
vehicle collision and under-vehicle explosion research. 1 - Yoganandan (1996; 1997a; 2000), Seipel 
(2001), Kuppa (2011), 2 - Funk (2002), 3 - McKay and Bir (2009), 4 - Pandelani et al. (2010), 5 - 
Schueler (1995), 6 - Keown (2006). 
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Table 4.1– Current traumatic impact simulators. * denotes simulators which have been used for 
cadaveric studies. 
∆
 denotes rigs that were built specifically for under-vehicle explosion research. 
Chapter 4 – Specification, commissioning, instrumentation and characteristation of AnUBIS 
81 
Current impact rigs operate at the lower end of the estimated floor-plate 
velocity range (Ramasamy et al. 2011e) and therefore, a requirement of a high velocity 
at impact should be included in the specification for future impact rig designs. 
The aims of this chapter are to design a traumatic injury simulator capable of 
realistically simulating the interaction between the human lower limb and the vehicle 
floor during an under-vehicle explosion. 





4.2 Specification of AnUBIS 
The behaviour of the floor during a typical under-vehicle explosion is reviewed 
in more detail in Chapter 2 of this thesis, in particular Table 2.2 presents live fire data 
presented in the literature. The floor accelerates beyond 12 m/s at 1000 m/s
2
 and 
transmits an axial force to the sole of the occupant‟s foot over a short duration 
(< 10 ms) (Bird 2001; Wang et al. 2001). The design of the traumatic simulator must 
therefore meet the specifications below. 
a) a plate able to fit up to UK size 10 footwear, thus this should be a mass 
circular in cross-section with a 300 mm diameter. 
b) the mass needs to be able to be accelerated to a velocity in excess of 
12 m/s within 10 ms 
c) rapid deceleration of the mass after reaching the target velocity in order 
to a) simulate the floor‟s deceleration and return to rest and b) avoid 
secondary impact with the specimen. 
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d) ability to mount a human cadaveric lower limb in a variety of 
orientations that simulate an occupant‟s typical postures within a 
vehicle; for example seated, standing or driving. The mounting design 
needs to allow the physiological range of motion of the hip. 
e) ability to acquire data from sensors mounted both on the rig and on 
specimens synchronously at 25 kHz (thus allowing a rise time of 
0.02 ms, which was significantly shorter than that expected in all 
sensors) 
4.3 Commissioning of AnUBIS 
Over 100 engineering manufactures were contacted with the specification for 
the rig, six manufacturers provided design concepts. The advantages and 
disadvantages of these concepts were analysed before the final manufacturer was 
chosen (Table 4.2). 
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Table 4.2 – Design concepts proposed by manufacturers with advantages and disadvantages for 
each. 
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It was decided to proceed with the design proposed by manufacturer 6 that 
incorporated pneumatic acceleration with mechanical deceleration. The design was 
simple and therefore less of a risk than some of the more complicated designs, the 
concept for triggering the acceleration of the plate was also simple.  
The final design of the traumatic injury simulator is shown in Figure 4.2. The 
impact is provided through the acceleration and deceleration of a 42 kg mass. 
 
Figure 4.2: Schematics of AnUBIS. Plate release and braking mechanism. The compressed air 
cylinder was added and the braking arms and springs were removed from section A-A. 
The 42 kg mass rests within a pressure vessel. The mass is secured with a tie 
rod which passes through its centre and tightened beneath the pressure vessel with a 
nut and secured at the top with a cross-pin (henceforth shear pin). Compressed air is 
pumped into the pressure vessel filling the void beneath the impacting mass. The 
pressure builds up on the underside of the impacting mass forcing it upwards; however 
it is held down by the shear pin. At a critical pressure the pin fails due to double shear 
allowing the plate to accelerate upwards and the tie rod to fall to the ground. 
The plate accelerates for 50 mm before its lugs enter the tapered braking arms. 
The braking arms are fixed with a pin joint at the base of the frame allowing them to 
pivot in the vertical plane and are supported through horizontal springs at the top. The 
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plates‟ lugs are therefore wedged between the braking arms and the plate decelerates 
as the arms push against the horizontal springs. 
The moving parts are housed within a super-frame that sits on 8 pneumatic 
tyres. The pressure vessel sits on Macpherson-strut suspension system so that a portion 
of the energy upon plate release is dissipated before it is transferred through the super-
frame and distributed over the tyres. 
The velocity of the plate is controlled discretely by selecting the material and 
diameter of the shear pin. The stronger the material and the thicker the diameter, the 
more pressure that is required for it to shear and therefore, the higher the acceleration 
of the plate when released. The flight of the plate is controlled by adjusting the 
stiffness of the springs; the higher the stiffness the smaller the plate flight. Masouros et 
al. (2013) produced a numerical model of AnUBIS which was used to produce an 
operational map (Figure 4.3), this allowed the shear pin design to be picked to reach a 
certain velocity and for the plate to stop within a certain distance.  







Figure 4.3: Operational map of AnUBIS predicted numerically and vaildated against 
experimental data. (a) Maximum speed of the plate and time elapsed to maximum speed plotted 
against pressure at plate release. (b) Maximum flight of the plate plotted against maximum speed 
of the plate for various values of stiffness of the braking springs. Taken from Masouros et al. 
(2013). 
4.3.1 Mounting 
Specimens are mounted using a custom made simulated hip which allows 6 
degrees of freedom. The design allows both cadaveric and anthropometric test devices 
(ATD) to be mounted onto the rig.  
The cadaveric mounting is designed to accommodate a specimen that has had 
the proximal femur removed and the femoral canal reamed. A M12 steel studding is 
inserted 150 mm into the canal and secured with polymethyl methacrylate (PMMA) 
bone cement (Figure 4.4). A pot can be slid down the steel studding and a nut 
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tightened behind it to ensure that the pot is pressing against the end of the femur. 
Screws in the side of the pot are tightened to fix the femur in place and the pot is then 
secured with PMMA. 
 
Figure 4.4 – Diagram showing the fixation to the cadaveric specimens. The pot is open on the 
right hand side of this diagram to allow space for the femur and for the PMMA. The pot is closed 
on the left hand side to allow the nut to be tightened up against the femur and to keep the PMMA 
in the pot. Not drawn to scale. 
A steel plate is fixed to the impact rig at 90 degrees to the braking bars to 




Figure 4.5 – (a)  a diagram of the seated design and (b) a photograph of the seated design. 
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Specimens are mounted on the seat using a surrogate hip joint allowing 6 
degrees of freedom (Figure 4.6). The intramedullary rod is secured to the steel block 
via a 16 mm diameter horizontal through-hole. The intramedullary rod is 12mm in 
diameter, the difference between the size of the hole in the block and the diameter of 
the intramedullary rod means that internal/external (I/E) rotation of the femur is 
allowed at the surrogate hip joint. The block has a second hole which allows a cross-
bar to be passed through, which rests on two horizontal supports on either side. The 
horizontal supports allows anterior-posterior (A-P) movement, rotation in the 
horizontal plane, simulating ab/adduction or varus/valgus (V/V) of the hip as well as 
vertical movement, simulating craniocaudal translation (C-C). Finally, the block can 
rotate freely about the cross-bar, simulating flexion-extension (F/E). Weights are 
attached to the cross-bar to simulate body mass, meaning that movement is permitted 
in all degrees of freedom, however,  weights are required to be „pulled/lifted‟ in order 
to move in A-P, V/V or C-C. While this design allows 6 degrees of freedom to reflect 
the range of motion of a physiological joint, in reality when the extremity decouples 
from the plate the motion of the extremity would depend upon the concurrent motion 
of the upper body, for example in the seated posture, hip flexion would be restricted by 
contact of the knee or the thigh to the upper body. However, in the time range of 
interest (loading and unloading of the limb) the hip joint is likely to flex 20 - 30° and 
other motions such as V/V and I/E are likely to be small and therefore not affect the 
motion of the leg. 
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Figure 4.6 – Surrogate hip joint for cadaveric tests.  
The design of AnUBIS is intended to ensure that it is possible to mount 
specimens in the rig with the sole of the foot resting flat on the plate/mass, the knee 
positioned directly above the ankle and the thigh positioned horizontally. 
AnUBIS also accommodates specimens in the standing position. The design of 
the surrogate hip for the standing position is similar to the seated except that the 
intramedullary rod is attached to the underside of the steel block rather than the side 
(Figure 4.7).  
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Figure 4.7 – Surrogate hip joint for standing cadaveric tests. The hole in the bottom of the steel 
block was made to a diameter of 22.4 mm and 50 mm in length so that the intramedullary rod was 
able to rest in the hole an angle of 12 degrees.  
For the standing position the seat is not used and the cross bar is mounted onto 
the rig in a slightly different way. Steel sheets, with a 500 x 22.5 mm slot, are secured 
to 2 opposite sides of AnUBIS to allow the cross-bar to translate C-C. For all standing 
tests the foot is positioned on the centre of the impacting plate, resulting in the heel 
being positioned towards the back. Naturally the hip is positioned directly above the 
heel, and since specimen size differs, the design allows for the position of the slots to 
be adjusted A-P. The 10 mm holes shown in Figure 4.8 allows supports to be 
positioned under the cross-bar while the specimen is being positioned, these supports 
are removed before testing to ensure all of the force is acting through the specimen and 
not the side supports. As specimen height varies, 11 pairs of holes are positioned along 
the length of the slot to allow the height of the support to be adjusted. 





Figure 4.8 – The standing design (a) diagram and (b) photograph of a surrogate on AnUBIS. 
The intramedullary rod inserts into a larger hole (22.4 mm in diameter), thus 
allowing 12° of V-V angulation and I/E rotation (Figure 4.9).  
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Figure 4.9 – Diagram showing the measurements required to calculate the diameter required to 
allow the intramedullary rod to sit at 12°. Diagram not to scale. Measurements in mm. 
AnUBIS is also designed to accommodate ATDs. For this the design of the 
surrogate hip altered slightly from the cadaveric tests. The ATDs have a 1 ½ inch 
diameter cylinders on the end of their thighs, which have two 6.5 mm diameter 
cylindrical pins protruding 10 mm from opposite sides of the larger cylinder. The 
protruding pins allowed a locking design, which secures the ATD thigh by twisting the 
protruding pins into slots on an aluminium connector. As with the seated cadaveric 
surrogate hip, 6 degrees of freedom are allowed in this design. 
 
Figure 4.10 – Design of the ATD mounting in the seated position. Not to scale.  
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Evidence that the cadavers can be mounted in both the standing and seated 






Figure 4.11 – (a) and (b) show photographs of cadavers mounted in the seated position and (c) and 
(d) show photographs of specimens in the standing position. 
4.4 Instrumentation 
The previous sections have described the specification and design of AnUBIS, 
however, of equal importance is the acquisition of accurate, reliable data. An 
experiment using AnUBIS is expected to last less than 10 ms, therefore precise 
information is needed to be obtained during the test for post-processing. The 
information that is required during the test can be divided into two categories, the first 
is an understanding of the behaviour of the rig and accelerating plate and the second is 
the behaviour of the sample or specimen. 
An understanding of the behaviour of the rig can be obtained through 
measuring the acceleration of the plate and the pressure in the vessel beneath the plate. 
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It is important to understand the acceleration characteristics in order to be used as an 
input for finite element models and as a means of comparison with live blast data. 
An understanding of the behaviour of the ATDs can be obtained through their 
internal load cells, this can also be used as a means of comparing results to previous 
research. For the cadavers, previous experiments have removed 90 mm of the tibia in 
order to house a load cell which is likely to alter the behaviour of the lower limb under 
dynamic loading, therefore making measuring load in the tibia difficult (Ramasamy et 
al. 2011e). The fracture criteria for the failure of human cortical bone have been 
shown to be strain-controlled (Nalla et al. 2003). Therefore, an important measurement 
for these experiments is strain of the cortical bone at a number of locations on the 
lower limb. 
The short duration of the tests performed on AnUBIS mean that accurate, high 
rate acquisition of data from appropriate sensors is essential to gain a full insight into 
all aspects of the experiment. The following section is structured as follows:  
 Specification for the instrumentation,  
 Hardware that meets this specification, and finally  
 Software used to control the hardware. 
Specification 
The tests that will be conducted on AnUBIS can be categorised into 3 groups; 
„dry‟ tests, where no surrogate is mounted at all, cadaveric tests and finally 
anthropometric test device (ATD) tests. The instrumentation used for each of the 
surrogates will differ but the instrumentation of the rig will not. The sensors that are 
used in each type of test and the required sample rate and excitation voltage required 
for that particular sensor are shown in Table 4.3. A sample rate of 25 kHz was chosen 
because this allows a data point every 0.04 ms, therefore ensuring 100 data points for a 
4 ms event, the quickest expected (Bird 2009). 
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 Position    
Sensor ‘Dry’ tests 
Cadaveric 















Pressure sensor Attached beneath pressure vessel 25 10 V DC 1 





- 25 10 V DC 5 
Load cell - - 
Built into 
ATD 
25 - 2 
High speed video Focused on impacting   plate 4 - 1 
 
Table 4.3 – Sensors used in ‘dry’, cadaveric and ATD tests performed using AnUBIS. 
For all tests the following sensors are required; an accelerometer to be mounted 
on the surface of the impacting plate, a pressure transducer attached to the pressure 
hose which feeds into the pressure vessel and high speed video to film the 
displacement of the plate and provide an overview of the experiment. For the 
cadaveric tests strain gauges will be bonded to the cadavers and the ATDs have built-
in load cells, which are read through their own data acquisition hardware.  
The appropriate hardware and software to meet the instrumentation 
specification are described in the following two sections. 
Hardware 
The sensors in the ATDs are recorded using their built in data acquisition 
hardware, the high speed video has built in memory which can be accessed through 
specialised computer software (Phantom Camera Control Version 9.2, Vision 
Research Inc, USA). All other sensors were recorded at 25 kHz through a PXIe data 
acquisition system (National Instruments, Newbury, Berkshire, UK) and a custom 
written LabView program. The LabView program is discussed in more detail in the 
following section. Figure 4.12 describes the hardware setup diagrammatically. 
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Figure 4.12 – Hardware structure of the data acquisition system used for tests conducted using 
AnUBIS. 
The accelerometer, pressure transducer, strain gauges and how the system is 
triggered are described in the following paragraphs. 
The specification of the accelerometer used for this application (352C04, PCB 
Piezotronics Depew, NY, USA) has a frequency response of 10 kHz allowing a rise 
time of 0.025 ms. The rise time of the acceleration of the plate is expected to be 
greater than this ensuring that this accelerometer is appropriate for this application. 
The accelerometer is an integrated electronic piezoelectric (IEPE) sensor which has a 
built-in charge amplifier that requires constant current power supply. 
The pressure transducer (Pi602, Applied Measurements, Berkshire, UK) has a 
millivolt output direct from the strain gauge bridge to ensure maximum bandwidth and 
a large pressure port (G 1/2) to minimise damping and give the best possible transients 
(Wilkinson & Outram 2009). The pressure sensor works through applying a pressure 
to a diaphragm causing it to bend, strain gauges bonded to the diaphragm measure how 
much it bends which can be calibrated to output a pressure measurement. 
General purpose strain gauges (CEA-06-125UW-350, Vishay, Basingstoke, 
UK) were selected because of their size, their small grid length and high resistance. 
The overall size of the gauges are 8.26 x 4.57 mm allowing them to be easily bonded 
to the bone and ensuring that the least possible amount of soft tissue is removed to 
bond the gauges. The small grid length ensures a high frequency response (the shorter 
the grid length the higher the frequency response) and the wide grid width ensures a 
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high resistance (350 ohms) for good power dissipation on bone, which is a poor 
thermal substrate (gauges on poor thermal substrates can increase in temperature over 
time, affecting its accuracy, therefore it is important to have a high resistance to allow 
good power dissipation, ensuring the temperature of the gauge stays low). These strain 
gauges have a frequency response of over 300 kHz.  
As the hardware structure (Figure 4.12) incorporates a number of data 
acquisition systems (ATD, HSV and PXIe) it is important that they are triggered 
simultaneously. This is achieved through the use of a single push-button which breaks 
a circuit with a constant voltage of 5 V running through it, triggering the ATD, HSV 
and PXIe system. All hardware is connected to the circuit and therefore receives the 
trigger at the same time. 
The PXIe system is required to record data from the strain gauges, 
accelerometer, and pressure transducer. The specification for each sensor was outlined 
previously in Table 4.3, the PXIe system is required to meet this specification. The 
National Instruments PXIe-1082 system allows 8 modules to be connected to the 
system. Each module is designed to allow the user to control and read different types 
of sensors. Three modules were required for this system, one for the trigger signal, one 
for the accelerometer and one for the pressure transducer and strain gauges (Table 
4.4). 
Module Sensors 






NI PXI-6132 Trigger 2500 - - 
NI PXIe-4496 Accelerometer 204.8 - 4 mA 
NI PXIe-4330 Strain guages and 
pressure transducer 
25 0.625 – 10 V - 
 
 Table 4.4 – Hardware structure of the data acquisition system. 
All modules have built in digital and analog filters to prevent anti-aliasing. The 
signals are first passed through analog filters to remove frequency components outside 
of the range of the analogue to digital converter (ADC). Then digital antialiasing 
filters automatically adjust their cut-off frequencies to remove any frequency 
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components above half the user defined sampling rate. This makes the use of external 
filters redundant in preventing aliasing. 
Software 
LabView (National Instruments, Austin, Texas, USA) is a graphical 
programming software which was developed to enable electronics to be coupled with 
computer resources to allow data acquisition and analysis obtained through controlling 
instrumentation. Details of the LabView code that was developed for these 
experiments can be found in Appendix 1. 
4.5 Characterisation of AnUBIS 
Introduction 
In order to assess the repeatability of the impact rig, „dry‟ tests were conducted 
with 3 shear pins of differing diameters and materials in which no specimens were 
mounted above the accelerating plate. In addition, in order to determine whether the 
response of AnUBIS differs when loaded with a surrogate, 3 tests were performed 
with a Hybrid-III ATD mounted in a seated position such that the response of 
unloaded („dry‟) and loaded (Hybrid-III mounted) tests could be compared. The 
purpose of these tests are to determine whether AnUBIS has met the specification set 
out at the beginning of this chapter. 
Methods 
Four shear pin designs were used in these experiments; 12 mm diameter nylon, 
15 mm diameter nylon and 12.7 mm diameter brass. Each design was tested 3 times. 
The rig was instrumented with an accelerometer, a pressure gauge and filmed using 
high speed video (HSV). Data was acquired using the National Instruments hardware 
and software described previously in this chapter. 
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Material Shear-pin diameter (mm) Number of tests 
Nylon 12.0 3 
Nylon 15.0 3 
Brass 12.7 3 
 
 Table 4.5 – Test protocol for ‘dry’ tests. 
Three Hybrid-III tests were performed using the 12.7 mm brass shear pin and 
the acceleration response, in terms of peak, and time to peak were compared to the 
unloaded tests. Statistical significance was tested using a two-tailed unpaired Student‟s 
t-test with the significance level set at 0.05. The acceleration data was filtered using a 
4-pole low-pass Butterworth filter with a cut-off frequency of 1000 Hz. 
Results 
Averages of the pressure, velocity and travel during the tests are shown in 
Table 4.6. As expected, the brass shear pin resulted in a higher pressure, velocity and 
maximum displacement in comparison to the nylon shear pin. The larger shear-pin 
diameter in the nylon tests resulted in a higher pressure, velocity and maximum 
displacement in comparison to the nylon shear-pin with a smaller diameter. 
Material 
Shear-pin 






     
Nylon 12.0 2.4 (0.1) 3.8 (0.2) 93 (6)      
Nylon 15.0 3.5 (0.1) 5.1 (0.2) 108 (6)      
Brass 12.7 8.9 (0.3) 9.7 (0.2) 174 (4)  
 
    
 
Table 4.6: Experimental characterisation of AnUBIS. The values of resulting figures are an 
average (S.D.) of 3 tests per combination of shear-pin material and diameter. 
Average curves for the displacement, velocity and pressure for each of the 
three shear pin designs are shown in Figure 4.13. In all three figures the standard 
deviation in the tests is relatively small, suggesting good reliability of the rig. 









Figure 4.13 – Average curves for (a) displacement, (b) velocity and (c) pressure. Error bars (±1 
S.D) are shown in light grey on all figures. 
Increasing the thickness of the nylon shear pin increases the release pressure, 
maximum velocity and maximum displacement. Changing the shear pin material from 
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nylon to brass also alters the release pressure, maximum velocity and maximum 
displacement. (Figure 4.14). 
 
Figure 4.14 – A comparison of release pressure, maximum velocity and maximum plate flight for 
the 3 shear pin designs. The error bars show ±1 S.D. 
Figure 4.15 presents a comparison in terms of peak acceleration and time to 
peak acceleration of the loaded and unloaded tests performed with the 12.7 mm brass 
shear pin. There were no significant differences between either the peak forces or the 
times to peak force, however, the average peak acceleration was 15.8 % lower when 




Figure 4.15 – A comparison of (a) peak acceleration and (b) time to peak acceleration for the 
loaded and unloaded tests performed with a 12.7 mm brass shear pin. 
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Discussion 
The results from the „dry‟ tests demonstrate that the rig is capable of 
accelerating a 42 kg mass to 9.7 m/s within 10 ms and back to rest again within a 
distance of 173.8 mm. It also demonstrates that adjusting the material and diameter of 
the shear pin has an effect on the maximum velocity and plate flight. The performance 
of this rig is added to the comparison of previous rigs presented earlier in this chapter 
(Figure 4.1) in Figure 4.16. AnUBIS fits within the higher range of mass and velocities 
of the impact rigs, and is capable of achieving higher velocities by adjusting the design 
of the shear pin. 
 
Figure 4.16 – A comparison of the velocity and mass of current impact rigs against that of 
AnUBIS (shown with a diamond rather than a circle). 
The comparison of the loaded and unloaded tests demonstrated that the 
response of the plate in terms of peak acceleration and time to peak acceleration was 
similar. The mass of the plate is only 3 – 4 times heavier than the mass of the surrogate 
and therefore it is likely that they will respond in a coupled manner. 
AnUBIS offers a means of simulating a range of loading regimes expected 
during an under-vehicle explosion, however, due to the large range of variables that 
affect the response of a vehicle floor during an under-vehicle explosion it is unlikely 
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that AnUBIS is capable of simulating the full range of all variables. For example, the 
acceleration of the floor of a flat bottomed vehicle when a large charge is detonated 
beneath the centre of the floor is likely to have a very high peak and reach that peak in 
a very short time. The risk of injury to occupants in this scenario is likely to be so high 
that mitigation is a tall order. Understanding the response of the floor when subjected 
to a threat that is close to the threshold of injury/non-injury is the focus of this thesis as 
the opportunity to mitigate these injuries is greater. 
AnUBIS is designed such that lower limb specimens can be mounted, not 
whole cadavers. Therefore, a surrogate hip joint is used to fix the cadaveric specimen 
to a 40 kg mass that represents a typical half-body weight. Understandably, the body 
mass of the individuals whose lower limbs we test is variable. It is not expected that 
this difference in mass is enough to mask differences in risk of injury for various 
physical simulations. Therefore, for experiments conducted on AnUBIS body mass is 
a constant parameter for reproducibility purposes and consistent comparisons between 
individuals, mitigation, and ATDs. While the design of the surrogate hip joint offers 
the full range of motion of a human hip, it is not designed to accurately replicate the 
stiffness of a physiological joint. However, since the range of motion during a typical 
loading-unloading cycle is likely to cause a 20-30° flexion and other motions such as 
V/V and I/E are likely to be small, it is likely that this is going to have a small effect 
on the motion of the leg. 
Conclusion 
The specification for the traumatic injury simulator described in Section 4.2 of 
this Chapter has been met: 
a) An impacting mass, circular in cross section, with a 300mm diameter, 
comfortably allows a UK size 10 combat boot to rest on it. 
b) It has been demonstrated that a 42 kg  mass can be accelerated up to 
9.7 m/s within 10 ms. While this falls short of the original specification 
of 12 m/s, altering the material and diameter of the shear pin will allow 
a higher velocity to be reached. 
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c) The mass is able to be decelerated rapidly (within 173.8 mm) after 
reaching the target velocity. 
d) Human cadaveric lower limbs are able to be mounted in the seated and 
standing positions.  
e) Data can be acquired from a number of sensors synchronously at 
25 kHz. 
Using AnUBIS, further research can be carried out to gain a greater insight into 
the behaviour of both ATDs and cadavers. As this design of impact rig provides an 
accurate representation of behaviour of the floor of a vehicle during an under-vehicle 
explosion. It will be able to be used to assess the behaviour of mitigating technologies 
in a realistic loading environment. 
4.6 Summary 
This chapter has described the specification, commissioning, instrumentation 
and characterisation of AnUBIS (Anti-vehicle Under Vehicle Blast Injury Simulator). 
AnUBIS will be used for the following experiments in the remainder of this thesis:  
 to analyse the behaviour of two anthropometric test devices (ATDs) 
and cadavers under impact (Chapter 5). 
 Results from Chapter 3 showed that there was a difference in the 
performance of two commonly use combat boot designs. AnUBIS will 
be used to determine whether this holds true in a more realistic loading 
environment (Chapter 5). 
 To analyse the effectiveness of Blast mat designs in providing lower 
limb protection during an under-vehicle explosion. 
During live blast tests ATDs are used as human surrogates to assess injury. 
AnUBIS allows these ATD designs to be compared against cadaveric samples under a 
realistic loading regime. These experiments are presented in Chapter 5. 
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CHAPTER   5  
ANALYSIS OF THE MIL-LX, THE HYBRID-III 
AND CADAVERS USING ANUBIS 
This chapter can be divided into two parts. The first describes experiments 
using AnUBIS which compares the response of the MiL-Lx, Hybrid-III and cadavers. 
It is important to have an understanding of how the ATDs behave in comparison to 
cadavers so that their limitations are known when assessing mitigation technologies. 
The second part of this chapter uses the ATDs and AnUBIS to assess the response of 
two combat boots which were assessed in Chapter 3 in a more realistic loading 
environment. 





5.1 Comparison of the MiL-Lx, the Hybrid-III and cadavers 
5.1.1 Introduction 
A review of the development of both the ATDs and the differences in their 
designs was presented in Chapter 2 of this thesis. The ATDs are used to evaluate the 
effectiveness of military vehicle designs to provide occupant safety against the threat 
of under-vehicle mine blasts in full-scale live-blast testing. The pass/fail criteria in 
these tests is calculated by a threshold force value measured in the ATD tibia load cell 
(5.4 kN for the Hybrid-III and 2.6 kN for the MiL-Lx). 
Previous research has shown that the Hybrid-III tibia is too rigid, resulting in 
forces that are considerably higher than those seen in cadaver testing (Bir et al. 2008; 
Bird 2001; Kuppa et al. 2011; McKay 2010). This means that the assumption made by 
NATO in the HFM-148/RTG Report (North Atlantic Treaty Organisation HFM-
148/RTG 2011) that the 5.4 kN of injury tolerance of a cadaver can be extrapolated to 
the Hybrid-III is invalid, albeit conservative. Previous studies have shown that the 
MiL-Lx matches the cadaver-response corridors more accurately than the Hybrid-III 
suggesting that it is a more biofidelic surrogate, however there are potential limitations 
in the methods used to obtain the cadaver-response corridors as 90 mm of the tibia was 
removed to house a load cell, the fibula was removed and the samples had an average 
age of 67 years (McKay 2010). Additionally, Pandelani et al. (2010) used a spring 
powered plate to impact both the MiL-Lx and the Hybrid-III at velocities between 2.6 
and 7.2 m/s and found that there was a lower standard deviation in peak forces when 
using the MiL-Lx rather than the Hybrid-III, suggesting it has better repeatability.  
While both McKay (2010) and Quenneville and Dunning (2012) have 
concluded that the MiL-Lx is a more biofidelic surrogate than the Hybrid-III, 
Pandelani et al. (2010)  noted that additional investigation is required to gain a more 
comprehensive understanding of the dynamic response of the MiL-Lx. There is also 
debate in the field as to whether the methods of the cadaver tests with which the 
surrogates are validated allow an accurate comparison.  





The Hybrid-III was validated by Yoganandan et al. (1996) in a series of 52 
lower leg cadaveric tests performed on three different impact devices (26 were 
performed using „pendulum loading‟, 17 with a „pneumatic piston‟ and 9 with a 
„constant velocity load device‟) at three different institutions, and at a range of impact 
velocities (2.2 - 7.6 m/s). Nine of the tests were performed on cadavers that had 
already been impacted but had resulted in no observable injury. The knee joint was 
disarticulated, leaving the lower extremity distal to the knee joint intact. Previous 
research has shown that joint movements play a major role in reducing peak forces 
during landing (Mizrahi & Susak 1982), it is therefore possible that the role of the 
knee joint during an under-vehicle explosion is also important. The proximal tibia was 
rigidly fixed to a „mini sled‟ that incorporated a six-axis load cell using bone cement 
(PMMA) and pins. The sole of each PMHS was impacted with the device that had 
synthetic rubber padding at the impacting interface and the load at the proximal tibia 
was recorded. It should be noted that all 9 cadavers impacted with the „constant 
velocity load device‟ were setup with the ankle 20° dorsi-flexed. 25/52 of the cadavers 
fractured; interestingly, all 9 cadavers impacted with the „constant velocity load 
device‟ sustained skeletal injury. 
The MiL-Lx was validated through 18 cadaveric tests performed by Mckay and 
Bir (2009). They removed 90 mm of the tibia in order to implant a load cell and 
mounted the lower legs to a Hybrid-III pelvis; they then impacted the foot with a 
36.7 kg plate at 7, 10 and 12 m/s. It should be noted that the fibula was left intact; 
however it is estimated that 10-15 % of the loading of the lower extremity is 
transferred through the fibula, and so the load measured on the tibia is likely to be an 
underestimate of the load transferred by the lower extremity (Moore & Agur 2002). 
According to the results of this study, a 10 % probability of a FASS 4+ injury to the 
lower leg occurs at 2.6 kN of tibial compressive axial force. In a subsequent series of 
tests in the same laboratory, the MiL-Lx surrogate was subjected to the same test 
conditions as the cadavers (7, 10 and 12 m/s) and the compliance of the tibia was 
adjusted such that the force-time curve seen in the MiL-Lx upper tibia loadcell falls 
within PMHS force - time „corridors‟, meaning ± 1 standard deviation (S.D.) of the 
average force-time response at each impacting condition (McKay 2010). From this 
work, the HFM-148 task group proposed that the tolerance threshold for vehicle 
fitness should be set at 2.6 kN of the upper tibia loadcell of a MiL-Lx (North Atlantic 





Treaty Organisation HFM-148/RTG 2011; Ramasamy et al. 2011b). However, the 
effect of replacing 90 mm of bone with a metallic load cell on the response of the 
lower extremity, and therefore this threshold value, is unknown. 
To date no study has been performed to compare the response of the ATDs to 
cadavers that are a) intact (i.e. no load cell inserted into the tibia) and b) have not had 
the knee disarticulated. Therefore, the aim of this study is to compare the response of 
ATDs and intact lower limb cadavers using AnUBIS. 
5.1.2 Materials and Methods 
Tests were performed using an anti-vehicle under belly injury simulator 
(AnUBIS). The setup of AnUBIS for these experiments has been previously described 
in Chapter 4 of this thesis. For both the cadaver and ATD tests the upper of a Meindl 
Desert Fox Combat boot was cut away, leaving the sole which was secured to the 
sample with three cable ties. The preparation and mounting of the ATDs and cadavers 
differed, and are described in the following 2 sections. 
ATD preparation 
 
Figure 5.1 – Photograph of the ATD setup. 





The ATDs were mounted in the seated position with the foot resting on the 
impactor. The Hybrid-III knee was positioned directly above the heel. The MiL-Lx has 
a straight tibia element which was positioned at 90° to the surface of the impactor such 
that the knee was directly above the heel. The thigh of both ATDs was aligned at 90° 
to the line of action. The ATD thigh was attached to the custom-made connector 
(described in more detail in Chapter 4 of this thesis) which provided a mechanical link 
between the ATD thigh and the simulated hip joint. The hip joint incorporates a steel 
block which freely rotates about a cross bar from which 20 kg masses were loaded 
onto each end to simulate half body weight (40 kg). Tests were performed at room 
temperature (22 ± 1°C) and the stiffness of the knee joints of both ATDS were set 
using the standard method (North Atlantic Treaty Organisation HFM-148/RTG 2011). 
This involves placing the thigh of the ATD onto a bench, then lifting the foot up so 
that the lower leg is aligned with the upper leg. The foot is then released allowing it to 
fall down. The stiffness of the knee joint is adjusted such that the foot comes to rest 
unaided, such that the axis of the lower limb is at 90 degrees to the upper leg.  
Five tests were conducted with each ATD. AnUBIS was operated with a 
12.7 mm brass pin, thus targeting a maximum velocity of approximately 9 m/s. The 
target velocity profile is shown in Figure 4.13b. A new combat boot was used for 
every experiment. There was a delay of at least 30 minutes between tests in order to 
allow enough time for the visco-elastic materials of the dummy to relax. 
Cadaveric preparation 
 
Figure 5.2 – Photograph of the cadaveric setup. 





The cadavers were fresh frozen at -20°C. Prior to testing, the limbs underwent 
computed tomography (CT) scanning (Slice thickness 1 mm, 1408 slices, slice 
increment 0.699, Siemens Somatom Definition AS 64; Erlangen, Germany) in order to 
exclude any pre-existing lower limb orthopaedic pathology. The cadavers were thawed 
overnight prior to testing. The amount of time for the cadavers to thaw was both kept 
constant and below the 50 hour time threshold recommended by Cartner et al. (2011). 
The femoral head of the cadaver was removed. The femoral canal was reamed and an 
intramedullary rod was inserted 15 cm into the femoral canal and secured with bone 
cement (PMMA). The diameter of the intramedullary rod was determined to allow a 
tight press fit at the bone implant interface. A pot (80 mm inner diameter, 100 mm 
depth) with a 12 mm diameter hole in the base was then slid down the intramedullary 
rod such that it pressed up against the femur. A nut was tightened behind the pot and 
fixation screws in the side were tightened against the femur. The pot was filled with 
bone cement with the use of a syringe and, once the cement had cured the 
intramedullary rod was secured to the simulated hip joint. Photographs of this process 






Figure 5.3 – Photograph of (a) the intramedullary rod that was fixed into the reamed femur and 
(b) the pot that is fixed over the intramedullary rod. 





As with the ATD tests 40 kg was applied to the surrogate hip joint to simulate 
half body weight. The antero-medial aspect of the tibia and the medial and lateral 
aspects of the calcaneus were exposed. Three locations along the tibial shaft (at 0.15, 
0.5, and 0.85 of the total tibial length), and the lateral and medial aspects of the 
calcaneus were subsequently dried with ethanol and a strain gauge was fixed (CEA-
06-125UW-350, Vishay, Basingstoke, UK) using cyanoacrylate. 
Each cadaver was mounted in a seated position by adjusting the knee so it was 
above the heel such that the lower limb was at 90° to the surface of the impactor and 
the femur was positioned so that it was at 90° to the medial-lateral plane of the tibia, 
thus ensuring that the ankle was in a neutral position. A total of 3 cadaveric tests were 
performed in AnUBIS, again utilising a 12.7 mm brass pin with a target velocity of 
9 m/s. 
Instrumentation 
The instrumentation for these tests has previously been described in Chapter 4 
of this thesis. A PCB® accelerometer, model 352C04 (PCB Piezotronics, Inc. NY, 
USA) was mounted onto the surface of the impact plate (Figure 5.4). The acceleration 
data was filtered using a 4-pole low-pass Butterworth filter with a cut-off frequency of 
1000 Hz. 
 
Figure 5.4 – Photograph showing the position of the accelerometer on the impacting plate. 





This trace was integrated numerically to find the velocity and then integrated 
again to find the displacement of the impacting plate. A pressure transducer (Pi602, 
Applied Measurements, Berkshire, UK) was attached with a t-connector to the 
pressure hose which fed into the vessel in which the impact plate sits. Strain gauges 
were bonded to the anteromedial part of the tibia at three locations, at 0.15, 0.5 and 
0.85 of the total tibial length as well as the lateral and medial aspects of the calcaneus. 
The strain gauges were positioned such that they were perpendicular to the 
accelerating plate. Figure 5.5 shows photographs of the locations of the strain gauges 




Figure 5.5 – Photographs of the locations of stain gauge bonded to (a) the medial and (b) the 
lateral calcaneus.  
The strain gauges bonded to the cadaver, along with the accelerometer and 
pressure transducer, were sampled at 25 kHz by a National Instruments PXIe system 
(Newbury, Berkshire, UK), utilising a custom-written LabVIEW code (NI, Newbury, 
Berkshire, UK).  
A Phantom V12.1 (4000 fps) high speed video camera (Vision Research, 
Bedford, UK) was used to film the displacement of the plate and the medial aspect of 
the heel of the combat boot during the tests; from these images the plate velocity and 
compression of the boot were calculated (Figure 5.6).  






Figure 5.6 – Frame from the high speed video. Features from the top and bottom parts of the 
combat boot were tracked to measure displacement and the position of the impacting plate was 
tracked which could be numerically integrated to determine the velocity. 
The Hybrid-III has two load cells mounted within the tibia (upper and lower) 
which were sampled at 25 kHz. The MiL-Lx has one triaxial load cell in the upper 
tibia which was sampled at 20 kHz. A Phantom V210 (4000 fps) high speed video 
camera (Vision Research, Bedford, UK) was used to measure the compression of the 
compliant element in the MiL-Lx tibia during each test. Data acquisition was triggered 
from a single source in order to ensure that data from all diagnostic systems was 
synchronised. The global zero time for each experiment was determined as the time 
that the acceleration signal of the plate rises above 30 m/s
2
. 
Diagrams of all 3 surrogates are shown in Figure 5.7. The diagram shows the 
location of the sensors on the ATDs and cadavers as well as highlighting the 
differences in design between the two ATDs. 












Figure 5.7 – Different designs of the lower extremity of (a) the Hybrid-III (b) the MiL-Lx (c) the 
cadaver. The strain gauges bonded to the antero-medial tibia were positioned at 15, 50 and 85 % 
along the length of the tibia. A strain gauge was placed along the axial direction of the tibia on 
both medial and lateral (not visible in the diagram) aspects of the calcaneus. 
Cadaveric Analysis 
Cadaveric injury outcome was quantified through post-impact palpation and 
CT scanning. Significant differences between maximum velocity of impacting plate, 
time to maximum velocity, maximum plate flight, time to maximum plate flight, 
maximum acceleration and time to maximum acceleration in tests using the Hybrid-
III, MiL-Lx and cadavers were determined using ANOVA, analysed post hoc using a 
Games-Howell test with the significance level set at p = 0.05. 






Repeatability of AnUBIS 
Typical traces with regards to the behaviour of the impacting plate can be seen 
in Figure 5.8. The acceleration trace is recorded by the sensor mounted on the 
impacting plate (Figure 5.8a), numerical integration has been used to determine the 









Figure 5.8 – Typical traces for (a) acceleration (b) velocity and (c) displacement of the plate for 
the tests. 
Maximum plate acceleration, time to maximum acceleration, maximum 
velocity, time to maximum velocity, maximum flight, and time to maximum flight are 
shown in Figure 5.9. There were no significant differences between the three 
surrogates in terms of peak and time to peak flight, velocity or acceleration. 












Figure 5.9 – A comparison between the cadavers, Hybrid-III and MiL-Lx tests in terms of (a) 
peak flight, (b) time to peak flight, (c) peak velocity, (d) time to peak velocity, (e) peak 
acceleration and (f) time to peak acceleration. 






Anthropometric and physical details for the cadavers are presented in Table 









1 40 Male Left 178 66 21 
2 27 Male Right 175 78 25 
3 48 Male Left 190 87.5 24 
 
Table 5.1 – Anthropometric and physical data of the cadavers. 
There was an instrumentation failure which meant that the strain was not 
recorded on any of the gauges on cadaver 2. Strain data from the other tests are shown 
in Figure 5.10. The strain at the locations measured in the calcaneus is compressive 
throughout the test. The highest compressive strain in both tests was seen in the lateral 
facet of the calcaneus. In cadaver 1 the strain measured at the three locations on the 
tibia oscillated from compressive to tensile strain at the upper, mid and lower tibia. In 
cadaver 3 the strain measured at the location on the lower tibia also oscillated from 
compressive to tensile strain; however the strain measured at both the mid and upper 
tibia locations were in tension throughout the loading phase. 










Figure 5.10 – Strain traces from the cadaveric tests (a) Seated 1 and (b) Seated 3. 
MiL-Lx and Hybrid-III Results 
Figure 5.11 presents the average force-time traces of the Hybrid-III upper and 
lower tibia load cells. The force recorded at the lower tibia load cell (10.2 ± 0.7 kN) 
was consistently higher than the force seen on the upper tibia load cell (8.1 ± 0.4 kN). 
There was no significant difference in the time to peak force (p < 0.05).  










Figure 5.11 – (a) Force-time curves from the Hybrid-III upper and lower tibia loadcells in the 
axial direction (Fz) (b) a comparison of the peak force in the upper and lower tibia and (c) a 
comparison of the time to peak force in the upper and lower tibia. The shaded area represents ±1 
S.D and * denotes a significant difference with p<0.05. 
The tolerance level for the Hybrid-III is based on the axial force of the lower 
tibia load cell and for the MiL-Lx on the axial force of the upper tibia load cell (North 
Atlantic Treaty Organisation AEP-55 2006). The force on the lower tibia Hybrid-III 
load cell is compared to the MiL-Lx upper tibia load cell in Figure 5.12. The peak 
force is, on average, 1.8 ± 0.3 times greater at the Hybrid-III lower tibia loadcell when 
compared to the MiL-Lx upper tibia loadcell. The time to peak force is, on average, 
1.1 ± 0.1 times greater on the MiL-Lx than the Hybrid-III. The peak force on both the 
Hybrid-III and MiL-Lx are above the NATO threshold limits (North Atlantic Treaty 
Organisation AEP-55 2006). 










Figure 5.12 – A comparison of the Hybrid-III lower tibia and MiL-Lx upper tibia load cells. (a) 
Average force-time curves (the grey area represents ±1 S.D.). (b) Peak axial force and (c) time to 
peak force. * denotes a significant difference with p<0.05. 
Moments were measured in the upper tibia in both the MiL-Lx and Hybrid-III 
about axis on the sagittal and coronal plane. Moments were consistently greater about 
the axis on the coronal plane in comparison to the axis on the sagittal plane in both the 
MiL-Lx and Hybrid-III by factors of 5.5 and 18.0, respectively. The peak moment was 
on average 315 per cent higher in the Hybrid-III in comparison to the MiL-Lx 
(247.3 ± 29.8 Nm in comparison to 78.5 ± 5.6 Nm). 





A comparison of ATDs and cadavers 
The percentage of boot compression in the three surrogates is presented in 
Figure 5.13a. The compression of the boot in the Hybrid-III tests was significantly 
greater than that of both the cadavers and the MiL-Lx. The amount of time required 
for the boot to decouple from the plate is significantly longer in the MiL-Lx in 
comparison to both the Hybrid-III and cadavers. 
Time to peak strain measured on the lateral side of the calcaneus and time to 
peak force measured in the Hybrid-III are similar (Figure 5.13a), whereas the peak 
force measured at the MiL-Lx occurs 1.0 ± 0.2 ms later. 











Figure 5.13 – Comparisons between the Hybrid-III, MiL-Lx and cadavers. (a) Axial force traces 
from the two ATDs and compressive strain seen on the lateral side of the calcaneus in the 
cadaveric tests. (b) Maximum boot compression and (c) time at boot-off.  
Injury Assessment Comparisons 
In Chapter 4 the methods of developing injury risk curves for the Hybrid-III 
and MiL-Lx were presented. The threshold values for the ATDs are calculated from 
these injury risk curves. The injury risk curves can also be used to determine the 
percentage risk of injury expected from a certain force measured using an ATD. The 





percentage risk of injury expected from the loads measured with both the Hybrid-III 
and MiL-Lx are calculated in the following section. 
The injury risk curve for the Hybrid-III was developed by Yoganandan et al. 
(1996). Their injury curve is defined by the following equation: 
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where P is the probability of injury and Fz is the axial compressive force in kN. 
The injury risk curve for the MiL-Lx was developed by McKay (2010). Their 
injury curve is defined by the following equation: 
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[5.3] 
where Fz represents the axial compressive force at the upper tibia load cell in 
kN. 
Using these injury curves, a prediction of injury was calculated for the ATD 
tests presented in this chapter. The MiL-Lx predicts, on average, a 45.6 ± 1.6 % 
probability of a FASS 4+ injury, while the Hybrid-III predicts a probability of an AIS 
2+ injury of 89.4 ± 3.7 % (Table 5.2).  













Probability of a 
FASS 4+ injury (%) 
(McKay 2010) 
Pass/Fail 




1 9.5 85  Fail 
2 10.0 89  Fail 
3 11.1 95  Fail 
4 10.1 90  Fail 
5 9.8 87  Fail 
MiL-Lx 
1 5.5  43 Fail 
2 5.6  44 Fail 
3 5.7  47 Fail 
4 5.6  44 Fail 
5 5.7  45 Fail 
Cadaver 
1 - No Injury Pass 
2 - No Injury Pass 
3 - No Injury Pass 
 
Table 5.2 – Comparisons in response and probability of injury for cadavers and ATDs for tests 
performed in AnUBIS utilising a 12.7 mm brass pin and with the sole of the Meindl Desert Fox 
combat boot. The tolerance level is set at 10 % probability of injury which corresponds to a force 
of 5.4 kN for the Hybrid-III and 2.6 kN for the MiL-Lx. 
5.1.4 Discussion and Conclusions 
This study described a series of high-rate axial loading tests conducted on the 
lower limbs of ATDs and cadavers. AnUBIS was shown to have good repeatability in 
terms of maximum acceleration (169.7 ± 28.4) maximum velocity (9 ± 0.6 m/s) and 
maximum displacement (141.6 ± 11.6 mm). Since the Hybrid-III was designed before 
the MiL-Lx there is more data on its response in the literature. The response of the 
Hybrid-III in the current tests offers a means for comparison with other impact rigs 
(Table 5.3). 































3 5.22 ~5 
3.8 7.91 ~4 
4.6 10.17 ~3.5 
6 15.78 ~2.75 
7.2 18.91 ~1.75 





Small explosive load 4 5 
Medium explosive load 8.5 5 
Large explosive load 10 4 









Military Boot 13.5* 8.0* 
This study Pneumatic 
Meindl 
Desert Fox 
42 9 10 8 
 
Table 5.3 – A comparison of the force – time curves from Hybrid-III tests on traumatic injury 
simulators. The time to peak force was estimated from force-time curves presented in each study.  
*including mass of spring. 
The peak force obtained on the lower tibia of the Hybrid-III load cell in this 
study is similar to those of other studies; however, the time taken to reach peak force is 
greater. This could be due to the effect of the combat boot which adds some 
compliance to the system, and due to the fact that the Hybrid-III is resting on the 
stationary mass as it starts to move at time zero rather than being impacted by the mass 
which has already reached its peak velocity. 
No injury was seen in any of the three cadaveric tests. Figure 5.10 
demonstrates that in both cadaveric tests the antero-medial aspect of the lower tibia is 
initially in compression before going into tension. This trend is also observed in upper 
and middle tibia in cadaver 1; however upper and middle tibia are in tension 
throughout cadaveric test 3. These results suggest that the tibia is in bending during the 
loading phase. The complex geometry and relative orientation of the bony structures in 





the lower leg mean that the mechanism of load transmission through the lower leg 
cannot be simplified to pure axial compression even though the input is pure axial 
loading. Therefore care should be exercised when interpreting results recorded in 
ATDs. 
The strain experienced in the calcaneus is greater than that experienced in the 
tibia, suggesting that, if the loading had been more severe, the calcaneus would have 
been likely to fail before the tibia, assuming they have similar failure properties. This 
speculation is consistent with results from cadaveric experiments elsewhere, whereby 
skeletal failure was recorded consistently at the calcaneus, but not at the tibia (McKay 
& Bir 2009; Yoganandan et al. 1996). Interestingly, the lateral aspect of the calcaneus 
experienced greater compression than the medial. This could be due to the anatomical 
features of the calcaneus; namely, the greater thickness of the cortical shell medially, 
as well as the concave geometry laterally. It could also be due to the design of the 
combat boot which concentrates loading to the lateral aspects of the calcaneus. The 
maximum strain seen in the calcaneus was below 0.002 in both cadaveric tests (Figure 
5.10), this is below the failure strain of bone which has been shown to be 
approximately 0.01 at high strain rates (Hansen et al. 2008). One limitation of using 
strain gauges to measure the strain state of a bone is that inherently they only measure 
strain in one direction and at one location, therefore, while a peak strain of 0.002 was 
measured on the calcaneus, there may be other locations or directions that either have 
higher compressive strain or are in tension. The calcaneus has a variegated surface and 
while care was taken to prepare the bone at the locations that the strain gauges were 
bonded to, this may result in measured strains slightly lower than the actual strain that 
the bone is experiencing. 
The force on the lower tibia of the Hybrid-III was consistently above the 
5.4 kN threshold set by NATO (North Atlantic Treaty Organisation AEP-55 2006). 
The axial force on the upper tibia was on average 1.26 ± 0.16 times greater than the 
axial force on the lower tibia. The sample rate was not high enough to record a 
significant difference in time to peak force between the upper and lower tibia (paired 
Student‟s t-test). The MiL-Lx recorded a significantly lower axial peak force and took 
longer to reach the axial peak force in comparison to the Hybrid-III, this is due to the 
Hybrid-III having a rigid tibia element while the compliant element in the MiL-Lx 





absorbs some energy and thus reduces the force on upper tibia load cell. Although the 
forces were lower on the MiL-Lx in comparison to the Hybrid-III they were still above 
the 2.6 kN threshold set out by NATO (North Atlantic Treaty Organisation AEP-55 
2006). Unfortunately, the MiL-Lx used in this study did not have a load cell at the 
lower tibia for comparison. The moments measured at the upper tibia were 
consistently greater in the coronal plane in comparison to the sagittal plane, it is likely 
that this is due to the extension of the knee joint inducing bending in the tibia during 
impact. The peak moments measured by the Hybrid-III in this plane were consistently 
greater than the moments measured by the MiL-Lx, this can be explained by the 
geometry of the Hybrid-III; during testing the knee was positioned above the heel, as 
the tibia is offset from the line of action (translated anteriorly at its proximal end and 
posteriorly at its distal end) the tibial shaft was not perpendicular to the accelerating 
plate as the MiL-Lx tibia was, thus bending was induced in the Hybrid-III tibia during 
the axial impact. 
Direct comparisons of the response of ATDs and cadavers as quantified by 
forces and moments at the tibia cannot be made, as a load cell was not implanted into 
the cadavers. It was felt that the disruption to the continuity of the skeletal structures 
would have a significant influence on the leg‟s response. As such, strain gauges along 
the tibia were preferred, which show a complex response under load that would not 
have been captured had a load transducer been introduced. Nevertheless, it may also 
be possible to use the cadaveric data to develop accurate numerical models of the 
lower limb. A lower limb model, validated against cadaveric data, could then be used 
to predict the force transmitted through the lower limb and allow a direct comparison 
with the ATDs. 
Injury 
With this small sample size of cadavers of low age, no injuries were observed. 
Conversely, according to the calculations presented in Table 5.2, both Hybrid-III and 
MiL-Lx predict an incapacitating injury. It can therefore be speculated that the injury 
criteria set out by the injury curves developed for both surrogates are conservative, at 
least with regards to the loading regimes simulated in this study. This disparity 
between the injury prediction and the cadaveric results may be due to the fact that the 





transmission of load through the cadavers is different to the transmission through the 
ATDs. The Hybrid-III has been shown to record loads that are up to 2.8 times higher 
than those measured in cadavers (Bir et al. 2008), the average force measured by the 
Hybrid-III in this set of tests was 10.1 kN predicting a 90.49 % risk of injury, if this 
force is divided by 2.8, the predicted probability of injury would fall to 2.13 %. The 
MiL-Lx was designed to be more compliant than the Hybrid-III such that its load 
response is within the cadaveric response corridors set out by McKay and Bir (2009). 
This is achieved through the addition of a rubber element in the mid-tibia which acts 
as a surrogate for the compliance of the lower limb, the load is then measured above 
this compliant element. The compliance of a cadaveric lower limb may be attributed to 
a number of factors such as the material properties of cartilage and soft tissues, the 
effect of synovial fluids in the joints as well as through bending of both the tibia and 
the fibula. In the MiL-Lx much of this compliance is accounted for in one region of 
the lower limb with masses above and below it. In the cadaver the distribution of 
compliance is more complex and not as localised. An ATD designed with the correct 
effective mass and stiffness may have a response that is similar in behaviour to a 
human lower limb during an under-vehicle explosion. 
Combat boot 
The same type of combat boot was used in all tests and there were significant 
differences in its behaviour under the ATDs and the cadavers. The MiL-Lx decouples 
from the plate significantly later than both the Hybrid-III and cadavers and it 
compresses more under the Hybrid-III (Figure 5.13). The reason that the MiL-Lx stays 
in contact with the accelerating plate for approximately 5 ms longer than the Hybrid-
III and cadavers could be due to the unloading of the MiL-Lx‟s compliant element; 
during unloading the mass above the compliant element moves away from the plate 
while the mass below does not move relative to the plate; only when the compliant 
element has reached its full extension is the mass below the compliant element pulled, 
with the mass above, away from the plate. While the design of the MiL-Lx compliant 
element has been tuned such that the force measured at the proximal load cell is within 
the cadaveric force-time response corridors developed by McKay and Bir (2009), it 
has not been tuned to accurately simulate the strain behaviour of the lower limb. This 
study compared the response of the lower extremities of ATDs proposed in NATO 





standards for evaluating vehicle operational fitness with the response of cadavers 
under a simulated blast load. The findings revealed the particular differences in the 
loading transmission characteristics of each one of the surrogates. It has been claimed 
that the mid-tibia compliancy of the MiL-Lx compared to the Hybrid-III might render 
it more biofidelic, in terms of the force response at the proximal tibia, in the seated 
posture when loaded axially (McKay & Bir 2009), but it‟s response has not been 
validated in any other position than the 90-90 seated position or in terms of the overall 
strain of the lower limb. Furthermore, the compliancy of the MiL-Lx might be greater 
than that offered by mitigation technologies (eg combat boot), and as such it might be 
masking their mitigating capacity. This is investigated in more detail in the second half 
of this chapter. 
While there is a clear benefit in simplifying the complex geometry of the 
human lower limb in ATD design, this may mask some of the more complex loading 
mechanisms seen in a human, and thus renders injury prediction a difficult task. 
Further experimentation with the surrogates is required to reveal their particular use 
and limitations in evaluating vehicle response under blast loads. With these limitations 
in mind a comparison of two combat boot designs are assessed using AnUBIS and the 
ATDs in the following half of this chapter. 
5.2 Comparison of the Meindl and Lowa combat boots using the 
MiL-Lx and Hybrid-III 
5.2.1 Introduction 
While ATDs have been used to assess the capability of various vehicle designs 
to mitigate the threat of under-vehicle explosions, they have not previously been used 
to compare combat boot designs. Experiments presented in Chapter 3 of this thesis 
demonstrated a difference in performance between two combat boot designs; however 
the methodology used was not attempting the recreate the loading environment seen in 
an under-vehicle mine blast. 





Therefore, the aim of this study is to compare the behaviour of the two most 
commonly used combat boots used by UK troops (2010) through the use of ATDs and 
AnUBIS. 
5.2.2 Materials and methods 
As with the first half of this chapter tests were performed using the anti-vehicle 
under belly injury simulator (AnUBIS) described in more detail in Chapter 4. As in the 
drop-rig tests described in Chapter 3 of this thesis the two most commonly used 
combat boots by UK troops in Iraq and Afghanistan (2010) were compared in this 
study; the Meindl Desert Fox (Lucas Meindl GmbH and Co. Kirchanschoring, 
Germany) and Lowa Desert Fox combat boot (Lowa Sportschuhe GmbH, Jetzendorf, 
Germany). The upper part of 9 size 10 samples of each combat boot was cut away to 
leave the insole, insole board, midsole and outsole. The main geometrical features of 
the two combat boots are presented in the CT-scans of the boots in Figure 5.14. The 





Figure 5.14 – CT scans through the heel of (a) the Meindl Desert Fox and (b) Lowa Desert Fox 
Combat boots. The bright spots in both (a) and (b) are metal nails which hold the insole board 
and the outsole material together. 
The ATDs were mounted in AnUBIS using the methods described in Chapter 4 
of this thesis. Combat boot samples were fitted securely to the sole of the ATDs with 
cable ties and the sole of the combat boots were positioned onto the impacting plate. 
By altering the position of the knee and the cross bar the ATD was positioned such 
that the tibia was perpendicular to the impacting plate and the thigh was perpendicular 





to the plane of the tibia. 40 kg was added to the surrogate hip to simulate body weight. 
In order to measure the compression of the compliant element in the MiL-Lx the lower 
limb tibia skin was removed to allow a high speed camera to film the compression 
during the test. The mass of this skin was 1.056 ± 0.001 kg. Since it was removed from 
the MiL-Lx, it was also removed for the Hybrid-III. Preliminary tests with and without 
the outer skin showed that this did not make a significant difference to the force-time 
curve in the Hybrid-III. 
The sensors used on both AnUBIS and both ATDs were the same as those 
described in the first half of this chapter.  
Six tests were performed on each combat boot design with each ATD at two 
energy levels resulting in a total of 48 tests (Table 5.4). The high energy level was 
conducted using a shear pin made of brass, 12.7 mm in diameter and the low energy 
level with a nylon shear pin, 12 mm in diameter. New combat boots were used for 
each test. Both the ATDs were given 30 minutes of relaxation time between tests, as is 
recommended in North Atlantic Treaty Organisation HFM- 148/RTG (North Atlantic 
Treaty Organisation HFM-148/RTG 2011). Tests were performed at room temperature 
(22 ± 1°C) and the stiffness of all the joints of both ATDs were set using the method 





 Meindl Lowa Meindl Lowa 
Low energy Nylon 12 mm 6 6 6 6 
High energy Brass 12.7 mm 6 6 6 6 
 
Table 5.4 – Table to show the number of tests performed on each surrogate at the two energy 
levels. 
In order to compare the behaviour of the two combat boots a number of 
parameters were analysed. Firstly, measurements that characterise AnUBIS were 
compared to ensure that the behaviour was similar between the tests with each of the 
combat boots. Then the combat boot designs were compared through assessment of the 
peak axial force measured in the tibia of both the Hybrid-III and the MiL-Lx, the time 
to peak axial force was also compared as a means of comparing the loading rate. The 





results of these experiments are also valuable for use in validating finite element 
models of both the combat boots and the ATDs (described in more detail in the 
following chapter), therefore the boot compression, MiL-Lx compliant element 
compression and the times of peak boot compression, peak compliant element 
compression, and peak force are compared for each combat boot and each ATD at 
each severity level. 
5.2.3 Results 
There were no significant differences in the maximum velocity, release 
pressure, maximum acceleration and plate flight between the MiL-Lx and Hybrid-III 
tests or the different combat boot samples (two tailed Student‟s t-test, p>0.05) 














Low energy 3.5±0.4 2.6±0.2 456.5±118.4 88.2±9.2 
High energy 8.8±0.4 9.2±0.3 1690.7±253.2 136.8±10.2 
 
Table 5.5 – Behaviour of the impacting plate for all experiments. The measurements show good 
consistency throughout all tests, demonstrating the reliability of the test setup. 
 












Figure 5.15 – A comparison of the (a) release pressure (b) maximum plate velocity and (c) 
maximum plate acceleration for all the tests. There were no significant differences between the 
two boots for any of the tests in terms of release pressure, maximum plate velocity and maximum 
plate acceleration. 





Average curves for the force (Fz) for the two ATDs and two boot designs are 
shown in Figure 5.16 and Figure 5.17. The force experienced in the Hybrid-III was 
significantly higher (p < 0.05) than those experienced in the MiL-Lx and duration of 
the applied force was shorter in the Hybrid-III than the MiL-Lx (p < 0.05). A 
comparison of the peak forces measured for the two combat boots is presented in 
Figure 5.18. 
(a)  (b) 
  
 
Figure 5.16 – Average force-time curves for the two combat boots. a) from Hybrid-III tests and b) 
from MiL-Lx tests at the higher energy level. The grey area represents ±1 Standard Deviation. 
 





(a)  (b) 
  
 
Figure 5.17 – Average force-time curves for the two combat boots. a) from Hybrid-III tests and b) 
from MiL-Lx tests at the lower energy level. The grey area represents ±1 Standard Deviation. 
Force on the Tibia 
 
Figure 5.18 – A comparison of tibia forces (Fz) for the Hybrid-III and MiL-Lx tests for the 
Meindl and Lowa Desert Fox Combat Boots. *Represents a significant difference where p<0.05. 
When using the MiL-Lx ATD there was no significant differences between the 
loads experienced by tests performed with the Meindl and Lowa Desert Fox Combat 
Boot at the high energy level, however at the low energy level the Lowa Desert Fox 
Combat boot experienced a significantly lower peak force than the Meindl Desert Fox 
Combat boot (Figure 5.18), however, this difference is small in terms of injury 
prediction at these low loads (just 0.18 % using Yoganandan et al. (1996) injury curve 





for a 45 year old and 0.37 % using McKay and Bir (2009) injury curve. When using 
the Hybrid-III ATD there was no significant differences between the Meindl and Lowa 
Desert Fox Combat boots at either energy level. 
There were no significant differences seen in the Fx and Fy directions or the 
Mx and My moments in either the Hybrid-III or MiL-Lx. 
Time to peak force 
Figure 5.19 shows the time to peak force seen in the upper tibia load cell of 
both the Hybrid-III and MiL-Lx for the two different combat boot designs. The MiL-
Lx showed no difference in time to peak force between the two combat boots at either 
the low or high energy levels. Using the Hybrid-III there was no difference in terms of 
time to peak force at the low energy level but the Meindl combat boot reached the 
peak force significantly later than the Lowa combat boot at the high energy level. 
 
Figure 5.19 – A comparison of time to peak force in the upper tibia load cells for the Hybrid-III 
and MiL-Lx tests for the Meindl and Lowa Desert Fox Combat Boots. *Represents a significant 
difference where p<0.05. 
Boot compression  
Figure 5.20 shows the percentage boot compression of the two designs at each 
energy level with each ATD. There was consistently more boot compression in the 
Hybrid-III tests than the MiL-Lx tests at both energy levels, with both combat boot 





designs. There were no significant differences in boot compression between the 
Meindl and Lowa Desert Fox Combat boots at any energy level apart from at the high 
energy level with the MiL-Lx where there was more compression seen in the Meindl 
than the Lowa Desert Fox. 
 
Figure 5.20 – A comparison of boot compression (%) for the Hybrid-III and MiL-Lx tests for the 
Meindl and Lowa Desert Fox Combat Boots *Represents a significant difference where p<0.05. 
The time to peak boot compression is shown in Figure 5.21. There was no 
significant difference in the time to peak boot compression between the two combat 
boots with either ATD at either energy level. The combat boots took longer to 
compress in the MiL-Lx tests in comparison with the Hybrid-III tests at both energy 
levels. 






Figure 5.21 – A comparison of time to peak boot compression (ms) for the Hybrid-III and MiL-Lx 
tests for the Meindl and Lowa Desert Fox Combat Boots. No significant differences in terms of 
time to peak boot compression were seen between combat boot designs. 
MiL-Lx Compliant Element 
Figure 5.22 shows the compression of the compliant element from the MiL-Lx 
tests at the two energy levels with the two combat boot designs. There is a higher 
percentage of compression in the higher energy tests than the lower energy tests. There 
were no significant differences in terms of peak compliant element compression or 
time to peak compliant element compression for the two combat boot designs at either 
energy level. 








Figure 5.22 – Average curves of the compliant element compression between the two boots at a) 
the higher energy level and b) the lower energy level. The grey area represents ±1 Standard 
Deviation. 
No data were recorded after approximately 25 ms in the high energy tests 
(Figure 5.22a) due to the compliant element moving behind a cross beam. The design 
of AnUBIS means that it was not possible to set the high speed video up at an angle 
that the compliant element could be tracked through the whole of the experiment 
(Figure 5.23). 
 
Figure 5.23 – The angle at which the compliant element was tracked. Due to the design of AnUBIS 
the compliant element could not be tracked past a certain point due to the high speed video 
images being blocked by the cross beam. 





The peak compliant element compression and the time to peak compliant 
element compression is shown in Figure 5.24. There were no significant differences 




Figure 5.24 – A comparison of (a) the peak compression and (b) the time to peak compression at 
the two energy levels between the two combat boot designs. There were no significant differences 
between the two combat boots in the peak compression or time to peak compression at either 
energy level. 
Figure 5.25 presents a comparison of the time to peak force, peak compliant 
element compression and peak boot compression. This shows that all three of these 
variables reach their peaks at the same time with both combat boots at both energy 
levels when using the MiL-Lx. 






Figure 5.25 – A comparison of the time to peak force, time to peak compliant element 
compression and time to peak boot compression for the MiL-Lx tests at both energy levels. There 
were no significant differences between the two combat boots at any energy level and there were 
no significant differences to the time to peak force, peak compliant element compression and peak 
boot compression at either energy level, with either combat boot (p<0.05). 
The Hybrid-III does not have a compliant element but a comparison between 
the time to peak force and peak boot compression can be seen in Figure 5.26. As with 
the MiL-Lx no significant difference was found between the combat boots at either 
energy level and the time to reach peak force was not significantly different to the time 
to reach peak boot compression at either energy level. 
 
Figure 5.26 – A comparison of the time to peak force and time to peak boot compression for the 
Hybrid-III tests at both energy levels. There were no significant differences between the two 
combat boots at any energy level and there were no significant differences to the time to peak 
force and peak boot compression at either energy level, with either combat boot (p<0.05). 






There was very little difference in the force in either ATD between the two 
combat boot designs. Reducing the loading rate such that it takes longer to reach the 
peak force is likely to reduce the risk of injury, therefore the time to peak force was 
compared between the two combat boot designs, however, again, little differences 
were seen between the two combat boots with either ATD. These results differ to those 
presented in Chapter 3 where larger differences were seen between the same two 
combat boot designs when impacted using a spring assisted drop-rig. In these tests the 
force transmitted through the Lowa Desert Fox combat boot was significantly higher 
than the Meindl Desert Fox and reached than peak in a shorter time. The loading of the 
combat boots differs in these tests to the tests using the drop-rig. In the drop-rig tests 
the insole of the combat boot is impacted against a rigid surface while in the tests 
presented in this chapter the sole of the combat boot is impacted and the ATD is able 
to move away from the plate. 
The average peak boot compression was generally higher in the Meindl Desert 
Fox Combat boot than the Lowa Desert Fox in all tests. This could be due to the 
stiffness of the Lowa Desert Fox being higher than the Meindl Desert Fox. Figure 5.14 
shows how the geometry of the Meindl and Lowa combat boots differed. The Lowa 
combat boot has a number of holes in the midsole while the Meindl Desert Fox 
midsole is solid. When compressed, the holes in the Lowa Desert Fox may allow the 
material to expand perpendicular to the axis of loading into the gaps made by the hole. 
In the Meindl Combat boot this is not possible and the midsole is compressed along 
the axis of loading, without being able to expand into the holes in the midsole. This 
may account for the higher boot compression being seen in the Meindl Desert Fox 
rather than the Lowa Desert Fox. As expected in both the MiL-Lx and Hybrid-III the 
combat boots compressed more at the higher energy levels and the combat boots 
compressed more under the rigid Hybrid-III than the compliant MiL-Lx at both energy 
levels. 
The behaviour of the MiL-Lx compliant element was recorded such that it can 
be used to validate finite element models in future chapters. The combat boots did not 
affect the behaviour of the compliant element, and the compression of the compliant 





element was greater at the higher energy than the lower energy by a factor of 
2.97 ± 0.03. One limitation with the design of AnUBIS is that the response of the 
compliant element could not be tracked past approximately 18 ms in the high energy 
tests due to the high speed video being blocked by a cross-beam, however, since the 
force-time curve measured at the upper tibia load cell is relatively smooth past 18 ms it 
can be assumed that the unloading of the compliant element will also continue to be 
smooth past this point. 
The time to reach peak force, peak boot compression and peak compliant 
element compression was the same at both the low and high energy levels and with 
both combat boots. In the MiL-Lx tests this time increased by a multiple of 1.65 ± 0.05 
between the low and high energy tests. In the Hybrid-III tests this multiple was 
2.24 ± 0.07, the reason for the higher multiple in the Hybrid-III tests could be due to 
the compliant element of the MiL-Lx masking the effect of the change in energy level. 
The results obtained from the drop rig tests presented in Chapter 3 of this thesis 
demonstrated that the Meindl Desert Fox combat boot had a lower peak force and 
reached that peak force later than the Lowa Desert Fox combat boot when tested at a 
range of energies. It was noted that the drop rig experiment did not realistically 
simulate the behaviour of the floor during an under-vehicle explosion. The 
experiments conducted in the study in this chapter more realistically simulate that 
loading and no significant differences were seen between the two combat boots. This 
could be due to the differences in the dynamics of the two experiments. In the drop rig 
test the combat boot is impacted against a rigid surface, on AnUBIS the boot is able to 
push away from the impacting plate. The different loading conditions cause the 
combat boots to react in different ways. The dynamics of the interaction between the 
combat boot and the ATD are investigated in Chapter 7 of this thesis. 
One possible shortcoming of this study is that just two combat boot designs 
were tested. More dramatic changes in combat boot designs may result in larger 
differences in force-time response. The two combat boot designs were also compared 
at just two energy levels. Larger differences may be seen at higher severities, however, 
the force measured on the Hybrid-III already predicts a probability of injury of over 
90 % at the higher severity level. Further increases in test severity may result in forces 





that are so high that even large reductions will still result in peak forces that predict a 
high probability of injury. 
5.2.5 Conclusions 
It may be hypothesised that a mitigation technology that results in a force 
transmitted to the lower limb that has a lower peak and a longer time to peak will 
reduce the probability of injury, and therefore outperform a mitigation technology that 
results in a force transmitted with a high peak and shorter time to peak. No one combat 
boot design consistently outperformed the other on both ATDs at both energy levels. 
In terms of peak force the Meindl was significantly higher than Lowa using the MiL-
Lx at the low energy. In terms of time to peak force the Hybrid-III high energy results 
showed that the Meindl was significantly longer than the Lowa and in the MiL-Lx 
high energy tests the Meindl boot compressed significantly more than the Lowa. More 
drastic changes in terms of materials and geometry are required to find more 
significant differences between combat boot designs and gain a better understanding of 
the types of material and geometry that will reduce severity of injuries sustained by 
passengers of vehicles being subjected to under-vehicle explosions. In order to gain 
this understanding the development of a numerical model of this experiment will allow 
multiple inexpensive design iterations to develop a specification for a combat boot that 
will help mitigate the injuries seen by occupants of vehicles subjected to mine blasts. 
5.3 Summary 
This chapter was divided into two sections. The first compared the response of 
both the MiL-Lx and the Hybrid-III against that of cadavers during a simulated under-
vehicle explosion and the second used the MiL-Lx and Hybrid-III to assess the 
mitigating capacity of two combat boot designs using AnUBIS. 
AnUBIS showed good repeatability and at the higher severity level the peak 
forces recorded by the Hybrid-III was comparable to that of other studies, however, 
the time taken to reach the peak force was slightly greater. No injury was seen in any 
of the three cadaveric tests, however, the peak forces measured on the lower tibia of 





the Hybrid-III and the upper tibia of the MiL-Lx were consistently above thresholds 
set out by NATO (5.4 kN for the Hybrid-III and 2.6 kN for the MiL-Lx). It can 
therefore be speculated that with the loading regime simulated in this study, the injury 
criteria are conservative. The time to peak strain in the calcaneus of the cadavers was 
similar to the time to peak force in the ATDs. Maximum compression of the sole of 
the combat boot was similar for cadavers and MiL-Lx, but significantly greater for the 
Hybrid-III, suggesting that due to its rigidity the response of mitigation technologies 
can deviate beneath a Hybrid-III in comparison to a human lower limb. Therefore, care 
must be taken when solely using the Hybrid-III to assess mitigation technologies. 
The second part of this chapter went on to compare the Meindl and Lowa 
combat boots which had previously been evaluated using a simple drop rig test in 
Chapter 3. The results from these tests were not conclusive as to which combat boot 
outperforms the other. In Chapter 6 the development of a numerical model of the 
ATDs and combat boot is described. These models will help develop an understanding 
of how materials and geometry shape the forces being transmitted to the lower limb 
during an under-vehicle explosion. The results from this chapter are important for the 
validation of these models. 
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CHAPTER   6  
NUMERICAL MODELS OF THE MIL-LX AND 
THE COMBAT BOOT 
This chapter uses experimental data presented previously in this thesis to 
validate finite element models of the MiL-Lx and the Meindl Desert Fox combat boot. 
The models are then combined to develop a validated model of the MiL-Lx with 
combat boot fitted. The aim of this model is for it to be able to be used as a tool to 
provide simple preliminary assessments of mitigation designs without the need for 
conducting experiments. The development of the model is described in this chapter 
and an assessment of a number of design changes to the combat boot is described in 
the following chapter. 






Finite element models enable engineers to gain an insight into dynamic events 
which would not be possible experimentally. They also enable sensitivity and 
optimisation studies to be performed on designs to gain a greater understanding of the 
parameters that have the greatest effect on certain variables.  
Chapter 5 concluded that the MiL-Lx allowed mitigation technology to behave 
more biofidelically than the Hybrid-III and therefore the MiL-Lx will be used for this 
numerical model. In order to get to use this model as a tool to assess mitigation 
technologies 3 stages of development are required: 
1. Development of the combat boot model, validated and verified against 
drop rig tests from different heights (Chapter 3). 
2. Development of the MiL-Lx model, calibrated against AnUBIS, no 
boot high severity tests, validated against low severity tests (Chapter 5). 
3. Incorporation of the MiL-Lx and the combat boot models, validated 
against high severity tests, verified against low severity tests 
(Chapter 5). 
While 3D models offer advantages over axi-symmetric models in terms of 
accuracy of geometry, they have disadvantages in terms of complexity and the time it 
takes for the model to run. In order to keep the models as simple as possible and for 
multiple runs to be able to be carried out in quick succession, all of the models were 
developed axi-symmetrically. 
6.2 Model of the combat boot 
The combat boot drop rig tests described previously in Chapter 3 provide a 
simple controlled experiment which can be used to validate the combat boot model. 
The Meindl Desert Fox Combat boot has 3 distinct layers; insole, midsole and outsole 
and the insole is supported by cardboard. These layers are shown in Figure 6.1. 






Figure 6.1 – CT scan of the heel of a Meindl Desert Fox Combat boot. 
The midsole and outsole materials are very different. Scanning electron 
miscopy (SEM) of the interface between the midsole and the outsole highlight this 
difference (Figure 6.2).  
 
Figure 6.2 – SEM of the interface between the Outsole and Midsole in the Meindl Desert Fox 
Combat boot. 
The material properties of each of the layers of the combat boot are required 
for the model. Since the mechanical behaviour of most materials change depending on 
strain rate application, and these were not given or available for the boot materials, it 
was necessary to obtain such properties experimentally. This section is organised into 
3 parts: 1) An experimental investigation to determine the material properties of the 
individual layers, 2) a numerical model of the material property experiments described 
in (1) to validate the mathematical material model fits and finally, 3) the numerical 
model of the full combat boot validated against the drop rig test data presented in 
Chapter 3. 





6.2.1 Experimental analysis of material properties of the individual layers of the 
Meindl Desert Fox Combat boot 
This section is divided into 4 parts; 1) the experimental analysis of the midsole 
and outsole, 2) the experimental analysis of the insole, 3) experimental analysis of the 
cardboard and finally, 4) experimental characterisation of the density of all 4 
materials. 
Experimental analysis of the midsole and outsole 
 Introduction 
The aim of this section is to obtain properties of the midsole and outsole which 
can be used to develop material models in finite element analysis software. Since the 
combat boot is being modelled in compression, the materials will be tested in uniaxial 
compression. 
The midsole of the combat boot is made from foam. Foams can be categorised 
as open or closed cell. Open cell foams allow the pockets of gas to connect together 
and as the foam is compressed the air can be expelled from the pockets. In closed cell 
foams these pockets of gas are sealed and the gas cannot be expelled from the pockets, 
unless the walls are broken. The midsole of the Meindl Desert Fox combat boot is 
open-celled, this can be clearly seen in the SEM image in Figure 6.2. A typical stress-
strain curve of open-celled foam is shown in Figure 6.3. 






Figure 6.3 – Typical stress-strain curve of an open celled foam. The curve can be split into 3 
sections. (a) linear-elastic deformation, (b) deformation at almost constant stress and (c) 
densification where the stress increases rapidly. This figure is adapted from Ashby & Medalist 
(1983). 
The outsole of the combat boot is a rubber. Rubbers are visco-elastic materials 
which typically have non-linear stress-strain curves (Davey & Payne 1964; Powell PC 
& Housz AJI 1998), typically the modulus is lower at lower strain rates. 
Methods 
In order to obtain properties at a range of strain rates, 2 testing fixtures were 
used: 1) a screw-driven uniaxial materials testing machine (Instron, Model 5866, High 
Wycombe, UK) and 2) a drop weight rig (Instron Dynatup, Model 9250-HV, High 
Wycombe, UK). The screw driven uniaxial materials testing machine was used for 
quasistatic rates of loading and the drop weight rig for dynamic loading. Tests were 
conducted at 2 strain rates quasistatically (0.1 and 1 /s) and from 3 drop heights 
dynamically (2, 20 and 50 mm) which preliminary tests showed were the equivalent of 
strain rates of 24 ± 2, 128 ± 6 and 180 ± 14 /s. These strain rates were chosen because 
they were within the range of strain rates estimated from analysis of the high speed 
video of the compression of the combat boot seen in the drop rig tests described in 
Chapter 3 of this thesis. Three samples were tested at each strain rate. 
Samples were harvested with an 8 mm biopsy pen, punched into the material to 
cut away samples from the combat boot layers. The cylindrical samples were then cut 





to height by clamping the sample in an 8 mm hole drilled into a 4.9 mm thick sheet of 
Polymethylmethacrylate (PMMA). Any excess material was shaved off using a gentle 







Figure 6.4 – Photo of sample harvesting. (a) the biopsy pen was used to punch a 8 mm diameter 
sample. (b) the sample was then shaved to a 4.9 mm height by wedging it into a hole cut into a 
PMMA sheet and cut using a lubricated blade. 
For the quasistatic tests the load cell built into the uniaxial materials testing 
machine was used to measure the force transmitted through the samples (Figure 6.5).  










Figure 6.5 – (a) Photograph and (b) Diagram of the experimental setup for the quasistatic uniaxial 
compression material tests. The compression is displacement controlled by the uniaxial materials 
testing machine (Instron, Model 5866, High Wycombe, UK). 
In the dynamic tests the aluminium lower anvil on which the samples rest, was 
converted into a load cell by bonding 4 strain gauges in a full-bridge arrangement 
(Figure 6.6). The strain gauges were sampled at 25 kHz by a National Instruments 
PXIe system (Newbury, Berkshire, UK) and a custom written LabView code. The load 
cell was calibrated by applying known forces to the aluminium anvil so that the 
resulting strain could be used to calculate a load. 










Figure 6.6 – (a) Photograph and (b) diagram of the experimental setup for the dynamic uniaxial 
compression material tests. The compression is applied by dropping a mass from a desired height. 
The areas of the samples for both the dynamic and quasistatic tests were 
calculated from an average of 3 measurements made with digital callipers with a 
resolution of ± 0.01 mm. The force was converted into engineering stress by dividing 
it by the initial area of the sample. In both the quasistatic and dynamic tests the anvils 
were lubricated with a thin layer of a multi-purpose synthetic grease lubricant 
(Superlube, Loctite Corporation, Düsseldorf, Germany) to reduce the friction between 
the anvils and the sample to prevent bulging, a technique described by Charalambides 
et al. (2001) 






Figure 6.7 shows typical curves from the quasistatic tests. Notice the linear 
application of strain in the samples and the non-linear force behaviour. This was seen 




Figure 6.7 - Typical (a) force-time and (b) strain-time curves (Meindl outsole, 0.1/s). 
The results for the 4 materials are shown in Figure 6.8. The 95 % confidence 
interval bands were calculated to determine whether the curves showed any statistical 
difference from one another at different strain rates. For the midsole there was no 
difference between the tests conducted at 0.1 and 1 /s at any strain (p<0.05). In the 
outsole there was significant difference between the tests conducted at 0.1 and 1 /s at 
all strains (p<0.05) with the slope of the stress-strain curve becoming steeper as the 
strain and strain rate is increased. 








Figure 6.8 – Average engineering stress-strain curves from the quasi-static tests for (a) the 
midsole and (b) the outsole materials at the two strain rates tested. The error bars represent ± 1 
S.D. 
Figure 6.9 shows typical force-time and strain-time curves for the drop rig 
tests. The strain-time graph shows that the compression of the sample was linear up to 




Figure 6.9 - Typical (a) force-time and (b) strain-time curves of the 20 mm drops on the Meindl 
outsole. 
Figure 6.10 shows the average stress-strain curves for the midsole and outsole 
at 3 strain rates. The foam midsole (Figure 6.10a) enters a densification zone at a 
lower strain and has a higher peak stress as the strain rate is increased. There is no 





significant difference between the stress-strain curves obtained at the three rates up to 
62 % strain (95 % confidence interval, n=3). The outsole material properties obtained 
at 24 and 128 /s were not significantly different up to 32 % strain, however there was 
significant difference between the material properties obtained at 180 /s and both the 
128 and 24 /s tests at all strains (95 % confidence interval, n=3). As the rate of strain 




Figure 6.10 – Average dynamic stress-strain curves for (a) the midsole and (b) the outsole. The 
error bars represent ± 1 S.D and the y-axis has a logarithmic scale. 
Discussion and Conclusion 
Only small differences were seen in the material properties of the midsole at 
any strain rate up to 62 % strain (before densification). Figure 6.3, presented earlier in 
this chapter, showed a typical stress-strain curve for open-celled foam. The curve 
shown in Figure 6.10 does not have an obvious linear-elastic region; it is possible that 
the resolution of the data acquisition was not high enough to pick up this phenomenon 
at high strain rates. As the strain rate increased the gradient of the stress-strain curve 
for the outer material increased. 
Possible limitations in the experimental methods used to obtain these material 
properties lie in the influence of the viscosity of the lubricant that was applied to the 
anvils to reduce the effects of bulging, particularly at higher rates. Care was taken to 
apply a thin coating such that it had a small influence on the properties measured. 





Experimental analysis of the Insole 
Introduction 
Typically plastics behave linearly and previous research has shown that strain 
rate has almost no effect on elastic modulus for materials such as nylon 66 (Shen et al. 
2004). Since the insole is stiff in comparison to the midsole and outsole, testing in 
uniaxial compression would require load cells with a large range sampled at a high 
frequency. A simpler experiment for stiff materials like the insole is 3 point bending, 
which is a well-defined method of obtaining material properties. The 3 point bending 
tests used to acquire the material properties of the insole are described in the following 
sections. 
Methods 
Samples, 4.54 ± 0.06 mm in width, 7.24 ± 0.24 mm in height and 95 ± 0.5 mm 
in length were cut from the flattest part of the insole and then filed such that the 
samples had the same dimensions along its length. The sample was then placed 
between 2 supports, 80 mm apart. The experimental setup is shown in Figure 6.11. 
 
 
Figure 6.11 – Photograph of the experimental setup for the 3 point bending tests conducted on the 
insole of the combat boot. 
Samples were compressed at a constant displacement of 0.05 mm/s using a 
screw-driven material testing machine (Instron, Model 5866, High Wycombe, UK), 
which has a built in load cell. The diameter, length and height of the samples were 





measured using digital callipers (resolution = ± 0.01 mm) and the gradient of the linear 
force-displacement curve was calculated such that the Young modulus of the sample 
could be found using Equation 6.1:  
  
   
    
 6.1 
Where E is the Young‟s modulus, L is the support span, m is the gradient of the 
force-displacement curve, b is the width of the test beam and d is the depth. In order to 
use this test method it needs to be assumed that the material behaves similarly in both 
compression and tension. At small strains (up to ~20 %) the tensile and compressive 
stress-strain curves of Nylon 6/6 are, for all practical purposes identical. At large 
strains the compressive stress is higher than the corresponding tensile stress (Berins 
1991). Therefore, 3 point bending can only be used to obtain the Young‟s Modulus of 
Nylon 6/6 for small strains. Due to the nylon being stiffer than the other components 
of the combat boot, large strain (higher than 20 %) is not expected to be seen in the 
nylon during the compression of the combat boot. 
The tests were repeated 5 times and the average Young‟s Modulus was 
calculated. 
Results 
The average force-displacement curve is shown in Figure 6.12. The average 
Young‟s Modulus was 898.0 ± 65.6 MPa. 







Figure 6.12 – Force – extension curves for the 3 point bending experiments conducted on the 
combat boot insole. The shaded region represents ± 1 S.D. 
Discussion and Conclusion 
Young‟s modulus of the insole was 898.0 MPa, which will be used at all strain 
rates in the numerical model. The Young‟s modulus for nylon 66 is in the range of 
1000 to 1750 MPa (Fu & Lauke 1998; Yu et al. 2004). The details of the materials of 
the combat boot were not provided by the manufacturers. While it is likely that the 
insole of the Meindl Desert Fox combat boot is not made from nylon 66, it is likely 
that the insole is a synthetic polymer. This gives confidence that the Young‟s modulus 
calculated in this experiment is approximately in the correct region as the value is 
close to the minimum expected for nylon 66. 
Possible limitations with the experimental methods used in this section lie in 
the assumption that plastics behave linearly, that strain rate has no effect and that the 
nylon does not experience large strain. The material properties are obtained at lower 
strain rates than those expected to be experienced by the insole during an under-
vehicle explosion, typically the Young‟s modulus of a material increases with 
increasing strain rate. The effect of adjusting the Young‟s modulus of the insole is 
investigated in the sensitivity study in Section 6.5 of this chapter. Three point bending 
theory assumes that the tensile and compressive stress-strain curves are similar, for 
Nylon 6/6 this holds true up to approximately 20 % strain (Berins 1991). Assuming 
that the force transferred through the insole during an under-vehicle explosion is in 
uniaxial compression in the region of 10 kN and the area that this force is transferred 





through a contact area of approximately 1936 mm
2
 at the heel (circle with a diameter 
of 50 mm), using the Young‟s modulus calculated during these tests (898 MPa) the 
strain in the insole would be expected to be less than 0.6 %, significantly below the 
20 % small strain threshold. 
Experimental analysis of the cardboard 
Introduction 
Cardboard makes up a relatively small volume of the combat boot however, it 
plays an important role in supporting the insole above the midsole. Experiments to 
acquire the material properties of the cardboard are described in the following section. 
Methods 
The cardboard was quasi-statically tested in compression. As with the midsole 
and outsole layers samples were punched from the cardboard using an 8 mm biopsy 
pen. As the samples were cut from a flat part of the cardboard the samples did not 
need to be shaved to height. The samples were 7.65 ± 0.11 mm in diameter and 2.71 ± 
0.04 mm in height. Three samples were compressed at a rate of 0.1 mm/s up to 5 kN 
using a screw-driven uniaxial materials testing machine (Instron, Model 5866, High 
Wycombe, UK). The uniaxial materials testing machine outputs force and 
displacement which can be converted to engineering stress and strain using the initial 
dimensions of the sample measured with digital callipers (resolution = ± 0.01 mm).  
Results 
The average stress-strain curve is shown in Figure 6.13.  







Figure 6.13 – Stress-strain curve for the cardboard. The shaded region represents ± 1 S.D. 
The average Young‟s modulus calculated from the initial linear region of the 
stress-strain curve was 209.6 ± 9.4 MPa. Using this value as the gradient of a straight 
line with an origin (0,0) the curve produced experimentally was compared to this 
straight line using a 95 % confidence interval. There was no significant difference 
between the straight line and the experimental curve up to 23.4 % strain (95 % 
confidence interval, n=3). 
Assuming uniaxial compression of a piece of cardboard with a contact area 
approximately the same as that between the heel and the foot (circle with a 50 mm 
diameter), and the Young‟s Modulus obtained from this experiment the cardboard 
would reach a strain of 23.4 % at approximately 96 kN. This is significantly above the 
force expected to be transferred through the cardboard during an under-vehicle 
explosion and therefore the cardboard is not expected to compress past 23.4 % strain 
in the combat boot and the material properties will be assumed to be linear. A Young‟s 
modulus of 209.6 MPa will be used in the FE models. In order to justify this 
assumption the maximum strain seen in the cardboard during the numerical 
simulations is monitored to ensure that the strain does not exceed 23.4 %. 
Experimental analysis of the density of the 4 combat boot materials 
The densities of the insole, midsole and outsole materials were obtained 
experimentally through simple water displacement experiments. The mass of each 





material was measured 3 times and averaged using weighing scales (Mettler Toledo, 
Model AS204-S, Leicester, UK), the material was then submerged into water and the 
volume of water displaced was recorded. Using these two measurements the density of 
the material could be obtained. This process was repeated with 3 samples of each 
material and the density was averaged. It was not possible to obtain the density of the 
cardboard through a water displacement experiment as the cardboard absorbed some 
of the water. Therefore, the density of the cardboards was calculated by cutting square 
samples. The dimensions of which could be measured to obtain the volume and the 
mass was measured in the same way as the other materials such that the density could 
be calculated. As with the other materials, this process was repeated 3 times and the 
results were averaged. 
Material 
Density ± S.D. 
(grams/centimetre cubed) 
Insole 1.16 ± 0.14 
Midsole 0.75 ± 0.06 
Outsole 2.07 ± 0.18 
Cardboard 0.87 ± 0.08 
 
Table 6.1 – Densities of the 4 combat boot materials. 
Experimental analysis of the visco-elasticity of the outsole and midsole 
The visco-elastic properties of the combat boot outsole and midsole were 
obtained through compressive stress-relaxation tests. The samples were compressed at 
a velocity of 300 mm/min using a screw-driven uniaxial materials testing machine 
(Instron, Model 5866, High Wycombe, UK) up to 7 kN. Once compressed, the 
samples were held at this level of compression for 10 seconds. The force was 
measured using the load cell in the crosshead, this was then normalised so that the 
materials could be compared. The results of the stress relaxation tests are shown in 
Figure 6.14, these results show that the final relaxation of the outsole material is 
greater than the midsole, however, the midsole material relaxes very rapidly in the first 
0.15 seconds (a relaxation of 26.1 %) and then there is very little further relaxation 
after that point up to 10 seconds (just a further 4.5 %). While the outsole relaxes a 
similar amount in the first 0.15 seconds (31.5 %) it also relaxes a further 21.5 % 
between 0.15 and 10 seconds. 






Figure 6.14 – Stress-relaxation of the combat boot outsole and midsole. The shaded region 
represents ± 1 S.D. The x-axis is on a logarithmic scale. 
The stress-relaxation curves presented in Figure 6.14 were imported into the 
FE software and relaxation curves were fit to the data. The relaxation constants for the 
midsole and outsole are shown in Table 6.2. 




multiplier Time coefficient 
Energy function 
multiplier 
 0.056 0.337 0.050 0.294 
 0.597 0.121 0.708 0.023 
 4.285 0.102 5.122 0.017 
 
Table 6.2 – Stress-relaxation constants for the midsole and outsole. 
The stress-relaxation curves presented here were obtained at strain rates 
significantly lower than those expected during an under-vehicle explosion; this is a 
possible limitation of using the constants presented in Table 6.2, however, this is likely 
to have a greater effect in unloading rather that the loading of the materials in the 
model. The sensitivity of the model to these constants is investigated in Section 6.5 of 
this chapter. 
While linear materials are relatively straight forward to characterise in FE 
models, non-linear material such as the midsole and outsole require material models to 
be fit to the experimental data. This process is presented in the following section. 





6.2.2 Numerical model of the material properties tests 
The experimental data can be inputted directly into the finite element software, 
MSC.Marc (MSC Software, Santa Ana, CA, USA). The software provides a number 
of mathematical models that can be used to fit numerical curves to experimental 
results. As with any mathematical model, there are possible errors in this curve fitting. 
Therefore, a simple axisymmetric model of the material test was developed in order to 
analyse the accuracy of the mathematical fit to the experimental data. The combat 
boots will be tested dynamically and therefore only the dynamic tests are modelled. 
Details of this model are described in the following sections. 
Material properties 
The finite element software (MSC Marc, MSC Software, Santa Ana, CA, 
USA) has a number of material models built into it. It enables the user to import the 
experimental data and then use the software to fit the material model to the 
experimental data (MSC.Software Corporation 2010). Different material models were 
selected for different materials. For example the Meindl midsole is a foam material 
and therefore the Ogden foam model was used, while an Ogden model was used for 
the rubber outsole (Ogden 1972). Linear elastic properties were used for the nylon 
insole and the cardboard. 
Figure 6.15 shows the mathematical fits of the material models for the Meindl 
midsole at the 3 strain rates that the experiments were performed at. Generally the 
mathematical fits were good but lost accuracy at the larger strains. 
Figure 6.16 shows the material fits for the Meindl outsole material. As with the 
midsole material, any inaccuracies in the material fit arise at the higher strains. The 
experiments conducted on AnUBIS, presented in Chapter 5 of this thesis demonstrated 
that at the highest severity experiments the maximum compression of the combat boot 
beneath an ATD is approximately 30 % (Figure 5.23), therefore it is not expected that 
the inaccuracies at higher strains will be a problem for this model. 












Figure 6.15 – Material model fits for the combat boot midsole at strain rates of (a) 24/s (b) 128/s 
and (c) 180/s. 












Figure 6.16 – Material model fits for the combat boot outsole at strain rates of (a) 24/s (b) 128/s 
and (c) 180/s. 





Geometry, initial conditions and boundary conditions 
The size of the sample represented the average size of the samples used in the 
experiments (7.786 mm in diameter and 4.726 mm in height). The rigid platform and 
the impactor were flat as they were in the experiment. Figure 6.17 shows a diagram of 
the numerical model. 
 
Figure 6.17 – Graphical representation of the axisymmetric numerical model of the combat boot 
material tests. The impactor moves from right to left. 
A touching contact condition was assigned between the impacting tup and the 
material and the material and the rigid platform. The nodes along the axis of symmetry 
were fixed along the axis of loading and the rigid platform was fixed in all directions. 
The impactor was assigned a mass of 6.45 kg and given an initial velocity depending 
on the height that it was dropped from. The elements were 4 noded quadrilateral and 
full integration was used. 





Comparison of numerical and experimental results 
The results of the numerical simulation were compared to the experiments 
through the force-time traces. These are shown for the Meindl midsole and outsole at 3 
strain rates in Figure 6.18. 













Figure 6.18 – Force–time curves for both the midsole and outsole at (a) 24 /s (b) 128 /s and (c) 
180 /s. The shaded region represent ± 1 S.D. 





The percentage error in terms of peak force, time to peak force and the 
maximum strain are shown in Table 6.3. In all cases the peak forces match to within 
24.5 %, the time to peak forces within 13.5 % and the compressive strain within 
19.1 %. 
  Percentage error (%) 




24 10.3 5.0 2.5 
128 -24.5 0.5 -2.3 
180 -6.0 0.6 -7.8 
Outsole 
24 2.6 13.5 -19.1 
128 1.4 -0.3 3.2 
180 -0.1 -10.8 3.9 
 
Table 6.3 – Percentage error in terms of peak force, time to peak force and peak compressive 
strain between the numerical and experimental data. 
Discussion and conclusions 
A material for all layers of the combat boot have been fit to the data obtained 
experimentally and the experiment has been simulated with an axi-symmetric 
numerical model. The force-time curves for the numerical and experimental results 
match well and therefore can now be used with confidence in the model of the full 
combat boot. Any errors in the force-time curve could be attributed to a number 
factors, firstly due to the sample harvesting method, the samples in the experiment 
were not perfect cylinders, in some cases the top and bottom surface were not perfectly 
parallel. Secondly the drop rig is not designed for drops from such small heights, 
therefore there is some error when assigning the height that the mass falls from. When 
the mass falls it is guided by two bars, there is some friction between the bars and the 
falling mass which may affect the velocity of the mass on impact. The boundary 
condition between the sample and the anvils in the FE model is assumed to be 
frictionless, while lubricant was used to reduce the friction between the sample and the 
anvils during the experiment it is likely that there is still a small amount of friction 
which could lead to discrepancies between the experimental and numerical results. 
The anvils are also assumed to be completely rigid, while the stiffness of the anvils are 





substantially greater than that of the samples, this could have a small effect on the 
results. Discrepancies can also be attributed to the lack of accuracy of the material 
models, while good correlation is shown between the experimental and numerical 
stress-strain curves in Figure 6.15 and Figure 6.16 the small differences could 
contribute to the differences in the experimental and numerical force-time responses 
shown in Figure 6.18.  
6.2.3 Numerical model of combat boot drop rig tests 
The aim of this numerical model is to be able to simulate the drop rig 
experiments described in Chapter 3. 
Geometry 
An axisymmetric model of the heel of the combat boot was used to model the 
drop rig tests. The geometry can be seen in Figure 6.19. 
 
Figure 6.19 – Idealised combat boot geometry in the FE software. 
A rigid curve, which was rigidly fixed, represented the ground. The impactor 
was also a rigid curve. Symmetry of the axisymmetric model was controlled by fixing 





the central nodes along the axis of symmetry. The impactor curve was controlled by 
assigning a control node which had a mass of 7.45 kg and initial velocities of 1.40, 
1.98 and 3.43 m/s to simulate drops from 0.1, 0.2 and 0.6 m, respectively. These 
velocities were calculated using Equation 6.2: 
   
 
 
   6.2 
Where   is gravity,  is the drop height and   is the velocity. 
Large strain is seen in the midsole and outsole materials during the tests from 
greater heights. Therefore, in order to maintain element stability, remeshing of these 
materials during this analysis is required. The remeshing of each body is controlled by 
assigning the frequency of each remesh, and the target element edge length at each 
remesh. The frequency for each body was chosen such that 2 bodies were never 
remeshed at the same increment. The initial mesh and the global remeshing parameters 
were adjusted iteratively to find a solution where no elements had high aspect ratios, 
no elements had a negative Jacobian and the contact between the bodies was constant 
throughout the simulation. The details of the remeshing are presented in Table 6.4. 
 
Remesh body 
Frequency (every X 
increments) 
Target element edge 
length (mm) 
Insole 40 0.5 
Cardboard 19 0.5 
Midsole 25 0.45 
Outsole 28 0.37 
 
Table 6.4 – Details of the global remeshing for the contact bodies in the combat boot. 
Material properties 
The material properties were taken from the uniaxial compression tests 
described in the previous section. The properties of the materials changed over various 
strain rates and therefore were selected depending on the experiment that was being 
simulated.  





Comparison of numerical and experimental results 
A comparison of the experimental and numerical results in terms of force-time 
and displacement-time are shown in Figure 6.20. 






   
(b) 
   
(c) 
   
 
Figure 6.20 – Comparisons of the experimental and numerical results in terms of force-time and 
displacement-time at drops of (a) 0.1 m (b) 0.2 m and (c) 0.6 m. The shaded region shows ± 1 S.D. 
Images of the combat boot at 4 steps during a simulation of a drop from 0.6 m 
are shown in Figure 6.21.  






Figure 6.21 – Simulation of the 0.6 m drop. The different colours represent the different contact 
bodies in the numerical model. 





One assumption made for the material properties of the cardboard was that it 
does not compress past 23.4 % strain. Experimentally, past 23.4 % strain the cardboard 
stress-strain curve started to behave non-linearly therefore, in order to check that this 
assumption was valid the strains in the elements in the cardboard were backed out 
from a drop of 0.6 m. The maximum principle strain seen in the cardboard was 
22.46 % strain and therefore the assumption to use linear material properties was valid.  
Table 6.5 presents the maximum strain rate that each material experienced 
during the numerical simulation and also the strain rate that the material properties 
were experimentally acquired at. 
Material 
Strain rate of material in numerical 
model (/s) 
Strain rate that the material 
properties were experimentally 
acquired at (/s) 
Drop height (m) Drop height (m) 
0.1 0.2 0.6 0.1 0.2 0.6 
Insole 1.4 1.0 1.8 1 1 1 
Midsole  46.7 51.7 127.2 24 24 128 
Outsole 5.0 11.5 18.2 24 24 24 
Cardboard 0.5 0.7 1.8 1 1 1 
 
Table 6.5 – A comparison of the strain rate of each material from the numerical simulation and 
the strain rate that the material properties were experimentally acquired at. 
One possible limitation with assigning material properties acquired at one 
strain rate is that it is assumed that the strain rate experienced by that material in the 
combat boot is constant and the properties do not depend on the material strain rate at 
any given time. Conversely, the properties are assumed to be constant across all strain 
rates. Due to the relatively simple geometry of the combat boot and the pure axial 
loading, the strain rates seen in the combat boot materials in the numerical model were 
relatively constant throughout the compression phase, and therefore the error due to 
this assumption is likely to be small. 
The validated combat boot described here can now be combined with the MiL-
Lx to model the experiments conducted on AnUBIS. The modelling and validation of 
the MiL-Lx is described in the following sections. 





6.3 Model of the MiL-Lx (no boot) 
6.3.1 Introduction 
While there are no previous numerical models of the MiL-Lx presented in the 
literature there does exist a number of numerical models of the Hybrid-III. 
Predominately these models utilise the LS-DYNA model (LSTC dummy) which 
comes supplied with the LS-DYNA software (Ennis et al. 2012; Oldani et al. 2005; 
Tabiei et al. 2010; Williams & Fillion-Gourdeau 2007). This model is validated for 
impacts to the head, neck flexion and extension, chest impact and knee impact (Oldani 
et al. 2005). It is not validated for axial compression of the lower limb, the mechanism 
of injury in an under-vehicle explosion (Ramasamy et al. 2011c). The model uses 
linear material properties for the tibia shaft, load cells and ankle and visco-elastic 
behaviour for the vynal (skin) and the foam insert in the foot (Ennis et al. 2012). The 
material properties for the visco-elastic components are determined through stress 
relaxation tests and are not rate dependent (Ennis et al. 2012). All models in the 
literature are 3D and explicit. These models have been developed for the automotive 
industry, yet the rate of loading in an under-belly blast is likely to be significantly 
higher than in vehicle collisions. All of the models are 3D and therefore likely to have 
long computer run times. 
The aim of this section is to develop a simple axisymmetric model of the MiL-
Lx which will be able to be used to predict the behaviour of the MiL-Lx at the rate of 
loading seen during an under-vehicle explosion. 
6.3.2 Methods 
Geometry 
Measurements were taken from the MiL-lx using digital callipers (resolution of 
± 0.01 mm) and a ruler (resolution of ± 0.5 mm). The geometry for the axisymmetric 
model is shown in Figure 6.22. 






Figure 6.22 – Graphical representation of the axisymmetric MiL-Lx numerical model. 
Material properties 
The properties of the materials that behave linearly in the MiL-Lx were taken 
from literature values. The non-linear properties include the rubber that the foot is 
made of, the pad that is inserted into the heel and the compliant element. Samples were 
able to be harvested from the foot rubber and therefore its properties were determined 





from uniaxial compression tests described below (the same method used to obtain 
material properties of the combat boot midsole and outsole). It was not possible to 
harvest samples of the compliant element or the heel pad. However, material 
properties from uniaxial compression tests performed by Defence R&D Canada (2013) 
were available. 
Linear material properties 
The material properties for the linear components of the MiL-Lx are shown in 
Table 6.6. The load cells and ankle joint were given the properties of steel while the 
tibia was given the properties of aluminium. 
Component Material 
Young’s Modulus 
(GPa) Poisson’s ratio 
Mass density 
(g/cc) 
Load cell Steel 200 0.29 7.85e-9 
Tibia Aluminium 70 0.29 2.98e-9 
Ankle Steel 200 0.29 7.85e-9 
 
Table 6.6 – Properties for the linear-elastic materials in the MiL-Lx. 
Non-linear material properties 
The 3 materials with non-linear behaviour in the MiL-Lx are the foot rubber, 
the compliant element and the heel pad. These materials are discussed separately in the 
following sections. 
Foot rubber 
The rubber from Hybrid-III head skin has previously been shown to have rate-
dependent, hysteresis and non-linear elastic material behaviour (Wood et al. 2010). In 
the tests conducted by Wood et al. (2010) the head skin was not been tested at strain 
rates higher than 100 % /s. Although it is likely that the head skin material and the foot 
rubber have similar properties, it is expected that the strain rates experienced by the 
foot rubber during an experiment on AnUBIS is higher than those that the material 
properties were obtained at by Wood et al. (2010). Therefore, experiments were 





conducted to obtain properties at higher strain rates. The methods, results and 
numerical fitting of these experiments are described in the following 3 sections. 
Methods 
The methods used in these experiments were very similar to those used in the 
uniaxial compression tests to find the material properties of the combat boot midsole 
and outsole. Cylindrical samples were punched from the foot of a MiL-Lx using an 
8 mm biopsy pen. The samples were then cut to height by pushing them in a hole 
drilled into a 4.9 mm thick sheet of Polymethylmethacrylate (PMMA). Any excess 









Figure 6.23 – Photographs of the sample harvesting process (a) samples cut from the toe of the 
MiL-Lx, (b) an 8 mm biopsy pen was used to punch a sample and (c) the sample was shaved to 
have flat surfaces and a height of 4.9 mm. 
For the quasistatic tests the samples were compressed using a uniaxial 
materials testing machine (Instron, Model 5866, High Wycombe, UK). Both anvils 





were lubricated with a thin layer of a multi-purpose synthetic grease lubricant 
(Superlube, Loctite Corporation, Düsseldorf, Germany) to reduce the friction between 
the anvils and the sample to prevent bulging, a technique described by Charalambides 
et al. (2001). The samples were compressed up to 8 kN at two different rates in the 
quasistatic tests, 0.5 and 5 mm/s which corresponds to strain rates of 0.15 and 1.5 /s 
respectively. Tests were repeated on 3 different samples at each strain rate. Stress was 
calculated by dividing the force measured by the load cell by the area calculated by 
measuring the diameter of the sample using digital callipers (resolution of ± 0.01 mm). 
Strain measurements were calculated from the displacement data recorded by the 
uniaxial materials testing machine. 
Dynamic tests were performed using a drop rig experimental setup. The sample 
was rested on an aluminium platform which had been strain gauged and calibrated 
such that it could be used as a load cell. The impacting head was flat and dropped onto 
the samples from 3 heights: 2, 20 and 50 mm. As with the quasistatic tests, both the 
aluminium platform and the impacting head were lubricated with Superlube (Loctite 
Corporation, Düsseldorf, Germany) to reduce the effect of bulging. The force was 
measured from the load cell beneath the sample and converted to a stress using the 
area measurement. High speed video (2000 fps, Phantom V12.1, Vision Research, 
Bedford, UK) was used to record the impact, from this recording the top and bottom of 
the sample could be tracked and converted to a strain. 
As with the combat boot materials the mass density of the foot rubber was 
calculated through a simple water displacement experiment. The mass of each material 
was measured 3 times and averaged using weighing scales (Mettler Toledo, Model 
AS204-S, Leicester, UK), then the material was submerged into water and the volume 
of water displaced was recorded. Using the averaged mass and the volume of water 
displaced, the density of the material could be obtained. This process was repeated 
with 3 samples and the average density was calculated. 
Stress relaxation tests were performed on the rubber. Samples were prepared in 
the same way as for the uniaxial compression tests. It was estimated, through analysis 
of high speed video footage, that during the experiments conducted on AnUBIS the 
maximum strain would be roughly 50 %. Therefore, stress relaxation tests were 





performed by compressing the sample to 50 % strain using the screw-driven uniaxial 
materials testing machine (Instron, Model 5866, High Wycombe, UK) and then 
holding the sample at this strain while recording the force measured by the loadcell in 
the cross-head. 
Results 
The results of the quasistatic uniaxial compression are shown in Figure 6.24. 
There was no significant difference between the stress-strain curves between the 2 
strain rates (95 % confidence interval, n=3). 
 
Figure 6.24 – Quasistatic material properties of the MiL-Lx foot rubber. The error bars represent 
± 1 S.D. 
Figure 6.25 shows a series of frames from the high speed video during a 
dynamic test where the impactor was dropped from 2 mm. 














Figure 6.25 – Frames at (a) 0 ms (b) 5 ms (c) 10 ms and (d) 15 ms from the high speed video 
compression of the samples from a 2 mm drop. 
Figure 6.26 shows the stress-strain curve calculated from the dynamic tests 
from the 3 drop heights. The drops from 2, 20 and 50 mm corresponded to strain rates 
of 33, 95, 112 /s. The 95 % confidence intervals were calculated for the 3 strain rates 
to determine whether there was any significant difference in material properties across 
strain rates. There was no significant difference between the data obtained from any of 
the 3 drop heights (95 % confidence interval, n=3). 






Figure 6.26 – Dynamic material properties of the foot rubber. The error bars represent ± 1 S.D. 
The mass density of the foot rubber was found to be 1.15 ± 0.02 grams per 
centimetre cubed (g/cc). 
Average curves from the stress-relaxation tests are shown in Figure 6.27. 
 
Figure 6.27 – Stress relaxation curve of the rubber at 50 % compression. The shaded region 
represent ± 1 S.D. The x-axis is on a logarithmic scale. 
This curve was imported into MSC Marc and a mathematic model was fit to 
determine visco-elastic parameters for the foot rubber. These properties are presented 
in Table 6.7. 












Table 6.7 – Visco-elastic properties for the foot rubber. 
Numerical material model 
The experimental data showed little strain rate dependency in the range tested, 
therefore, only one material fit was required for the numerical models. The 
experimental data were imported into MSC Marc (MSC Software, Santa Ana, CA, 
USA) and the Mooney-Rivlin material fit (Mooney 1940) was chosen as this had the 
least error of all of the available material models when fitting to the experimental 
curve. The available material models in MSC Marc are Neo-Hookean, Mooney(2), 
Mooney(3), Signiorini, Second Order Invariant, Third Order Deformation, Yeoh, 
Ogden and Foam (MSC.Software Corporation 2010). The curve was extrapolated to 
0.99 strain in both the tensile and compressive direction. The curve showing the 
material fit to the experimental data is shown in Figure 6.28 and the coefficients that 
were computed are shown in Table 6.8. 
 
Figure 6.28 – A comparison of the experimentally obtained stress-strain curve of the foot rubber 
and the numerical fit calculated using a Mooney-Rivlin material model. 
 












Table 6.8 – Mooney-Rivlin coefficients used in the numerical model for the foot rubber. 
Simple numerical model to compare to experiment 
As with the combat boot materials, in order to verify that the mathematical 
material fit was accurate, a simple model of the dynamic material tests was created 
(Figure 6.29). In this model a mass was dropped from a height of 2 mm onto the 
sample. The force-time trace from the model was then compared to the data obtained 
numerically (Figure 6.30). 
                  (a) (b) (c) (d) 
    
 
Figure 6.29 – Simple axisymmetric numerical model of the material property test. a) 0 ms, b) 
5 ms, c) 10 ms and d) 15 ms. The impactor is given an initial velocity corresponding to a drop 
from 2 mm. 
 








Figure 6.30 – A comparison of (a) force-time and (b) stress-strain of the material property test 
obtained numerically and experimentally. The shaded region represents ± 1 S.D. 
The force-time and stress-strain of the numerical models of drop heights of 20 
and 50 mm also matched the experimental data well. Since the force-time and the 
stress-strain of the sample of the numerical model correspond well with the 
experimental results, it can be used with confidence in the full model of the MiL-Lx. 
Compliant element 
It was not possible to harvest samples from the compliant element of the MiL-
Lx, however data regarding the material properties were available from tests 
conducted elsewhere (Defence R&D Canada 2013). The uniaxial compression test 
data was obtained at two strain rates, 203.2 ± 10.8 /s and 1263.5 ± 261.6 /s. Using the 
measurements of the compression of the compliant element during a test with AnUBIS 
described in the previous chapter the strain rate of the compliant element estimated 
from the high speed video images is in the region of 50 /s. Therefore, the material 
property data from the lower strain-rates was used in this model. The average stress 
strain curve is shown in Figure 6.31. 






Figure 6.31 – Material properties of the compliant element. The properties were obtained at a 
strain rate of 203.2 ± 10.8 /s. The shaded region represents ± 1 S.D. 
These data were imported into the FE modelling software (MSC.Marc, MSC 
Software, Santa Ana, CA, USA) which was able to fit curves using a number of 
material models (MSC.Software Corporation 2010). A Yeoh model was used as this 
had the smallest error of all of the models. The coefficients were calculated using the 







Table 6.9 – Yeoh coefficients for the rubber compliant element fit against experimental data 
provided by Defence R&D Canada (2013). 
The mass density of the compliant element was not provided. Therefore, the 
mass density was measured for a similar rubber (Nitrile NBR rubber, PAR Group Ltd, 
Preston, UK) which was used in this model. This value was 1.25 ± 0.02 g/cc. The 
sensitivity of the model to this assumption is investigated in a later section of this 
chapter. 





Foot heel pad 
As with the compliant element it was not possible to obtain samples for 
experimental testing of the foot heel pad, however, material property data was 
available from elsewhere (Defence R&D Canada 2013). High speed video images 
from tests conducted on AnUBIS were not able to be used to estimate the rate of strain 
in the heel pad as they were for the compliant element. Material property data for the 
heel pad were available at two strain rates 141.2 ± 1.4 /s and 1277.53 ± 254.3 /s. Data 
from the tests at 141.2 ± 1.4 /s were used in this model as this was expected to be 
closer to the strain rates experiences experimentally. The average stress-strain curve at 
this strain rate is presented in Figure 6.32. 
 
Figure 6.32 – Material properties of the heel pad. The properties were obtained at a strain rate of 
141.2 ± 1.4 /s. The shaded region represents ± 1 S.D. 
As with the previous experimentally obtained material properties the data were 
imported into the FE software (MSC.Marc, MSC Software, Santa Ana, CA, USA) and 
a Mooney-Rivlin material model (Mooney 1940) was used to fit a curve to the 
experimental data. The coefficients used are presented in Table 6.10. 












Table 6.10 – Mooney-Rivlin coefficients for the heel pad fit against experimental data provided by 
Defence R&D Canada (2013). 
The mass density of the heel pad was supplied as 1.078 g/cc (Defence R&D 
Canada 2013). As it was not possible to harvest samples of the heel pad the visco-
elasticity was assigned the same values as the foot rubber. The sensitivity of the model 
to this assumption is investigated in Section 6.5 of this chapter. 
Mass properties of the MiL-Lx leg 
As the axisymmetric model is not a full three-dimensional biofidelic 
representation of the surrogate, a comparison of mass of the numerical components 
and the true components was made (Table 6.11). The numerical mass matches the 
mass measured from the dummy well, apart from at the foot where the restrictions of 
an axisymmetric model mean that simplifications have been made in terms of its 
geometry, this means that some of the mass of the foot is not included in the numerical 
model. 





Component Mass (kg) 
Numerical 
mass (kg) Error (%) 
Upper load cell 0.452 0.414 -8.4 
Tibia 0.366 0.351 -4.1 
Lower load cell 0.496 0.504 +1.6 






Outer rubber 0.078 
Proximal leg mass 
Knee 0.600 
2.326 0 
Distal Femur 1.726 
TOTAL 5.523 4.445 -19.5 
 
Table 6.11 – A comparison of the measured and numerical mass of the components of the MiL-
Lx. 
Boundary conditions 
The plate was displacement controlled. The displacement curve was obtained 
from an average of the experimental data (Figure 6.33). 
 
Figure 6.33 – Displacement of the plate for the high severity tests. The shaded region represents ± 
1 S.D. 
As with the previous model of the combat boot, the nodes along the axis of 
symmetry were fixed along the axis of loading. 






2.326 kg was placed at the proximal end of the tibia to simulate proximal leg 
mass (mass of the knee and the distal femur) and a mass of 42 kg was given to the 
impacting plate, as had been measured experimentally. These initial conditions are 
also shown in the graphical representation of the numerical model (Figure 6.22). 
Gravity loading was applied to all elements in the model at the beginning of 
each run for 1 second so that the materials were realistically loaded prior to testing. 
Contact 
The contact table for the MiL-Lx is shown in Table 6.12. The model had 7 
contact bodies; the lower tibia, foot rubbers, pin, upper tibia, rubber compliant 
element, accelerating plate and the proximal leg mass. The foot rubbers and rubber 
complaint element were glued to the lower tibia and the accelerating plate was 
touching the foot rubber, such that the MiL-Lx could lose contact with the plate once it 
started to decelerate. The rubber element was glued to the upper tibia. The pin was 
glued to the upper tibia and was able to touch the lower tibia, such that the pin stopped 

















- Glued Touching - Glued - - 
Foot 
rubbers 
Glued - - - - Touching - 
Pin Touching - - Glued - - - 
Upper 
tibia 
- - Glued - Glued - Glued 
Rubber 
element 
Glued - Touching Glued - - - 
Acc. plate - - - - - - - 
Proximal 
leg mass 
- - - - - - - 
 
Table 6.12 – Contact table for the MiL-Lx model. 





High severity no boot impact tests 
The experimental and numerical forces and rubber compliant element 
compression are compared in Figure 6.34. Numerically, the peak force is 21 % too 




Figure 6.34 – Comparison of the numerical and experiment high severity results in terms of (a) 
the force-time response in the upper tibia and (b) compression of the compliant element. 
Discussion 
The results show that the numerical model over predicts the force and under 
predicts the compression of the compliant element. There were a number of 
parameters that could be adjusted; one was the mass at the proximal tibia which was 
set at 2.326 kg to match the MiL-Lx knee and distal femur. However, in order to 
reduce the force to match the experimental data, the mass would need to be reduced, 
which in turn would decrease the amount of compression seen in the compliant 
element, a similar problem would occur if the properties of the heel pad or foot rubber 
were adjusted. Since the force needed to reduce and the compression of the compliant 
element increase, the source of the error in the numerical model must be found in the 
material properties of the compliant element. 
Rubber is strain rate sensitive and the material properties of the compliant 
element were obtained at strain rates higher than those measured in AnUBIS 





experiments and the non-linear material in the numerical model does not have any 
visco-elastic properties assigned to it. These two potential sources of error were 
investigated in the following 2 sections. 
Strain-rate sensitivity 
The material properties of the compliant element were measured at a strain rate 
of 203.2 ± 10.8 /s and experimentally the rate of strain in the compliant element was 
measured to be roughly 50 /s. The properties of rubber are rate dependent with the 
initial modulus of the stress-strain curve increasing as the strain rate is increased. It is 
therefore likely that the initial modulus of the stress-strain curve for the compliant 
element was too steep for the strain rates that were being simulated. Therefore, a study 
was performed in which the stress-strain curve was shifted to determine how sensitive 
the model was to these material properties. Table 6.13 presents the scale factors that 
were used to adjust the strain data. Figure 6.35 shows the effect these shifts had on the 
experimentally measured stress-strain curve. 
Test # Strain scale factor C10 C01 C11 C20 C30 
1 1 4.91 -2.09 -5.17 7.15 1.52 
2 1.1 4.93 -2.41 -3.22 4.94 0.86 
3 1.2 4.91 -2.60 -2.04 3.50 0.52 
4 1.3 4.86 -2.72 -1.30 2.53 0.33 
5 1.4 5.14 -3.07 -0.60 1.65 0.15 
 
Table 6.13 – Scaling factors for the stress-strain curve for each run of the sensitivity study. The 
C10, C01, C11, C20 and C30 values are the coefficients for each run of the model (MSC.Software 
Corporation 2010). 
 






Figure 6.35 – Stress-strain curves used for the compliant element in the sensitivity study. 
The results from the sensitivity study are shown in Figure 6.36. As the strain 





Figure 6.36 – Comparison of the numerical and experiment high severity results in terms of (a) 
the force-time response in the upper tibia and (b) compression of the compliant element. The 
curves 1-5 represent the tests detailed in Table 6.13 where the stress-strain curve was scaled. The 
shading on the experimental data represents ± 1 S.D. 
The data from this sensitivity study show that the amount of compliant element 
compression can be increased and the force reduced, by scaling the strain data from 





material characterisation experiments obtained at strain rates higher than the strain 
rates it is expected that the material experiences in the experiment. Table 6.14 shows 
the sum of the squared residuals for the force-time and compression-time curve for 
each of the tests in the sensitivity study. Test 4 has the lowest combined sum of least 
squares values. It is therefore the stress-strain data where the strain has been scaled by 
a factor of 1.4 that will be used in this model. 
Test # Strain scale factor 




compression - time 
1 1 114 12000 
2 1.1 100 9800 
3 1.2 88 7800 
4 1.3 75 5400 
5 1.4 58 1600 
 
Table 6.14 – The sum of the squared residuals for each of the tests in the sensitivity study. The 
lower the sum of squared residuals, the lower the error between the experimental and numerical 
curve. 
Scaling the experimentally obtained material properties for nitrile rubber as a 
surrogate for the actual material properties that the compliant element is made from 
has potential limitations in that by using the technique it is assumed that the shape of 
the stress strain curves for the two materials are similar. While the shape of the stress-
strain curve is typical of a rubber this is a possible source of error. Confidence in these 
material properties can be gained through verifying the model through the results 
obtained from a lower severity AnUBIS test which is performed later in this chapter. 
The visco-elasticity of the compliant element rubber has not been applied in 
this model. This is discussed further in the following section. 
Visco-elastic properties of the compliant element 
The behaviour of rubber is time dependent. In MSC Marc the time-dependent  
visco-elastic behaviour can be represented in the form of a Prony series: 
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Where      is a relaxation function and the material coefficients are up to N 
pairs of the non-dimensional multiplier (  ) and the associated time constant (  ) 
(MSC.Software Corporation 2010). 
As material samples from the MiL-Lx compliant element were not available, 
stress-relaxation tests could be conducted on a similar material (Nitrile rubber, PAR 
Limited, Manchester, UK). By taking measurements from the high speed video 
recording of a MiL-Lx test on AnUBIS the amount of strain of the compliant element 
during a high severity impact can be estimated at 35 %. Therefore, stress relaxation 
tests were conducted by compressing and holding cylindrical samples 31 mm in 
diameter and 15 mm in height to 35 % strain. The normalised stress-time curve for this 
rubber is shown in Figure 6.37. 
 
Figure 6.37 – Stress-relaxation curve of Nitrile rubber. For these tests the rubber was compressed 
to 35 % strain at a rate of 200 mm/min and then held for 10 seconds. The curve is an average of 3 
tests. The shaded region represents ± 1 S.D. 
This data was imported into MSC Marc and the relaxation curve was fit to 
calculate the time dependent visco-elastic parameters shown in Table 6.15. 
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Table 6.15 – Visco-elastic coefficients calculated using the experimental stress relaxation of 
Nitride rubber. These values will be used as a starting point for a sensitivity study to determine 
the visco-elastic parameters of the compliant element rubber. 
While it is likely that the compliant element rubber behaves differently to the 
Nitride rubber tested here, the time-dependent visco-elastic parameters were used as 
initial values in a sensitivity analysis to determine the effect of visco-elasticity on the 
force-time and compression-time curves. The values presented in Table 6.15 were 
used as the baseline values for this sensitivity study. Each of the time coefficients and 
each of the energy function multipliers were scaled by 0.6, 0.8 1.2 and 1.4, in turn, 
resulting in a total of 24 runs. 
Figure 6.38 shows the effect altering the visco-elastic properties had on the 
peak force and peak compliant element compression. Time coefficient 1 and Energy 
Function multiplier 1 had the largest effect on both the peak force and compliant 
element compression. Reducing the time coefficient 1 reduced the peak force and 
increased the percentage compliant element compression. Reducing the energy 
function multiplier 1 increased the peak force and reduced the compliant element 
compression. The scaling performed in this sensitivity study affected both the peak 
force by less than 0.6 % and the peak compliant element compression by less than 
0.3 %.  










Figure 6.38 – The effect of scaling the visco-elastic parameters on (a) the peak force and (b) the 
peak compliant element compression. The factor by which the baseline values were scaled by is 
shown along the x-axis and the percentage error from the experimental results on the y-axis. 
The sum of the error in terms of peak force and compliant element 
compression was calculated for each of the runs in the sensitivity study. The run with 
the smallest error was when the first energy function multiplier was scaled by 0.6. 
Therefore, these visco-elastic properties were used for the compliant element material. 
The force-time and compliant element compression-time curves for the final 
model of the MiL-Lx is shown in Figure 6.39. 








Figure 6.39 – Comparison of the numerical and experiment high severity results in terms of (a) 
the force-time response in the upper tibia and (b) compression of the compliant element. The 
shading on the experimental data represents ± 1 S.D. 
The low severity, no boot impact tests conducted on AnUBIS can be used to 
verify the numerical model of the MiL-Lx. This is described in the following section. 
Verification against low severity no boot impact tests 
The model was verified against the experimental low severity impact tests. The 
model was not changed apart from the boundary condition for the displacement of the 
plate was changed to that measured during a low severity test. This displacement is 
shown in Figure 6.40. 






Figure 6.40 – Displacement of the plate for the low severity tests. The shaded region represents ± 
1 S.D. 
Figure 6.41 shows the comparison of the numerical and experimental force-
time and compression-time curves. The peak force matches within 5.16 % and the time 
to peak force within 1.01 %. The percentage compliant element compression matches 




Figure 6.41 – Comparison of the numerical and experiment low severity results in terms of (a) the 
force-time response in the upper tibia and (b) compression of the compliant element. 
The close matches of the experimental data at both high and low energy 
impacts on AnUBIS give confidence for this model to be integrated with the numerical 
combat boot. This is described in the following section. 





6.4 Integration of the combat boot and MiL-Lx numerical models 
Introduction 
The MiL-Lx and the combat boot model have been developed separately and 
have been validated and verified in their own right in Sections 6.2 and 6.3 of this 
chapter. The task of joining the two models together requires further validation. The 
integration of the combat boot model with the MiL-Lx model is described in this 
section. 
Methods 
The MiL-Lx model was integrated with the 0.2 m drop combat boot model. 
This model was chosen because the amount of compression of the combat boot from a 
0.2 m drop corresponded with the amount of compression seen in the experiments 
performed using AnUBIS, presented in Chapter 5.  
The contact between the combat boot and the MiL-Lx was defined by gluing 
the bottom of the combat boot to the bottom of the MiL-Lx model. Contact between 
the accelerating plate and the MiL-Lx foot rubbers was replaced with contact between 
the accelerating plate and the combat boot outsole. Figure 6.42 shows a diagram of the 
geometry of the integrated MiL-Lx and combat boot model. The same boundary and 
initial conditions were used as those described in the MiL-Lx no boot model. 






Figure 6.42 – Graphical representation of the integrated MiL-Lx and combat boot model. 
Results 
The results of the MiL-Lx and combat boot integrated model were analysed by 
comparing the forces seen in the upper tibia load cell of the MiL-Lx. Figure 6.43 
shows the force-time traces experienced by the upper tibia load cell of the MiL-Lx in 
the high severity tests. The peak force matched to within 4.35 % and time to peak 





force within 1.01 %. Numerically there was 4.37 % more compression of the 
compliant element compared to the physical experiment and it took 3.23 % more time 




Figure 6.43 – Comparison of the numerical and experiment high severity results with a combat 
boot in terms of (a) the force-time response in the upper tibia and (b) compression of the 
compliant element. 
As with the no-boot MiL-Lx model the combined MiL-Lx and boot model was 
verified against the low severity impact tests. Figure 6.44 shows the force-times traces 
experienced by the upper tibia load cells of the MiL-Lx in the low severity tests. Peak 
force matched to within 15.73 % and time to peak force within 1.67 %. Numerically 
there was 13.22 % less compression of the compliant element and it took 3.70 % less 
time to reach that compression. 








Figure 6.44 – Comparison of the numerical and experiment low severity results with a combat 
boot in terms of (a) the force-time response in the upper tibia and (b) compression of the 
compliant element. 
Discussion and conclusion 
The numerical model matches the experimental data more accurately at the 
high severity test where the loading more realistically simulates that of a mine blast. It 
is therefore the high severity tests that will be used to assess mitigation designs in 
Chapter 7. 
As with the MiL-Lx no-boot numerical model, the largest error in the low 
severity tests were seen in the peak compliant element compression, however the peak 
value is within the standard deviation of the average of the experimentally measured 
data. 
Table 6.16 presents the maximum strain rate that each material experienced 
during the numerical simulation and also the strain rate that the material properties 
were experimentally acquired at. Material properties were kept constant between the 
high and low severity models. The largest difference between the numerical observed 
strain rate and the strain rate that was used experimentally to obtain the material 
properties was in the foot rubber and compliant element. It is noted that the properties 
of the complaint element were adjusted for the model to account for this difference in 
strain rate. 






Strain rate of material in numerical 
model 
Strain rate that the material 
properties were experimentally 
acquired at 
Drop height (m) Drop height (m) 
High severity Low severity High severity Low severity 
Outsole 6.4 1.0 24 24 
Midsole 93 21.6 24 24 
Insole 0.8 0.2 1 1 
Cardboard 1.5 0.2 1 1 
Foot rubber 23.8 8.5 33 33 
Foot pad 20.5 10.8 141.2 141.2 
Compliant element 49.2 10.6 203.2 203.2 
 
Table 6.16 – A comparison of the strain rate of each material from the numerical simulation and 
the strain rate that the material properties were experimentally acquired at. 
There is also some error in the unloading in high severity tests, where 
numerically the load is released quicker than observed experimentally after ~15 ms. 
The source of this error could be due to the axi-symmetric model not having toes. Due 
to inertia, as the heel leaves the accelerating plate, the foot may plantarflex leaving the 
toes of the MiL-Lx in contact, which could be the reason for the force taking longer to 
unload in the experiment than the numerical model. This error could also be accounted 
for by the fact that the visco-elastic properties of the compliant element were obtained 
through stress-relaxation experiments of a similar, but not the same, rubber material 
and at quasi-static, rather than dynamic strain-rates. 
6.5 Sensitivity study 
This section investigats the sensitivity of the model to the mesh density, 
material properties, boundary conditions and initial conditions. A one-at-a-time 
approach is taken to the sensitivity study, such that one variable was changed at a time 
(a 20 % increase and a 20 % decrease in each variable) while all others were kept 
constant at their baseline value. Since the model is axi-symmetric model, multiple 
models could be run one after the other in a relatively short time. The one-at-a-time 
approach offers advantages in the fact that any changes in the response of the model 
can be attributed to the single variable that had been changed. The Taguchi method 





offers the opportunity to consider multiple factors at once since its design requires just 
a small number of experimental combinations, defined through a predefined 
orthogonal array according to the number of controllable variables (Zhang et al. 2007). 
The Taguchi method, is a powerful tool which enables engineers to gain an 
understanding of the contribution of individual parameters to the overall response of 
the model whilst requiring relatively few runs, it is particularly useful when it takes a 
long time to run an experiment and reducing the size of the test matrix is essential. 
Since the run time of the numerical model described is fast, it was not necessary to cut 
down the number of runs and the one-at-a-time method was able to be carried out. 
This is described in more detail in the following sections. 
Mesh density 
The results of finite element models should not be dependent on the density of 
the mesh. In order to test this in the models of both the MiL-Lx and the combat boot 
the mesh density was doubled and the results were compared to the baseline values. 
Figure 6.45 shows that the force-time and compliant element compression-time curves 
were very similar. The model with double the mesh resolution reduced the peak force 
by 0.98 % in terms of peak force and increased the peak compliant element 
compression by 0.32 %. The fact that these results were so similar gives confidence 
that mesh convergence has been achieved. 








Figure 6.45 – Comparison of a numerical model with the baseline mesh density and a doubled 
mesh density in terms of (a) force-time and (b) compliant element compression-time. 
Material properties 
It is important to understand the sensitivity of the numerical model to its 
material properties. In particular in this model the properties of the compliant element 
of the MiL-Lx have been adjust to match the experimentally obtained force-time and 
compliant element compression curves and the properties of the heel pad have been 
taken from experiments performed elsewhere (Defence R&D Canada 2013). The 
experiments to find the material properties of the foot rubber, midsole and outsole 
were conducted at a range of strain rates but it is unlikely that the rubber in the foot is 
compressed at the same strain rate that was performed experimentally. And there were 
also standard deviations in the properties obtained experimentally for the nylon and 
cardboard in the combat boot. 
Due to these uncertainties of the material properties a sensitivity study is 
performed on each of the materials. During the sensitivity study, each of these 
properties were increased by 20 % and decreased by 20 % while the rest of the 
material properties stayed at their baseline values. The force-time trace through the 
upper tibia load cell and the compliant element compression was then recorded so that 
the effect of changing that parameter could be determined. 






The parameters adjusted for the aluminium was the Young‟s modulus, 
Poisson‟s ratio and mass density. The sensitivity of these parameters to both an 
increase and a decrease of 20 % is shown in Figure 6.46. The mass-density had the 
largest effect on both the peak force and peak compliant element compression with a 
maximum change of 0.81 % in terms of peak force and 1.27 % in terms of peak 
compliant element compression. 
  
(a) (b) (c) 
   
 
Figure 6.46 – Sensitivity to changing the aluminium material property parameters (a) Young’s 
modulus, (b) Poisson’s ratio and (c) mass density. 
Steel 
The sensitivity of the model to both a 20 % increase and a 20 % decrease in 
steel material properties is shown in Figure 6.47. As with the Aluminium the mass 
density has the largest effect, a 20 % decrease in mass density reduced the force and 
compliant element compression by 6.82 and 6.17 %, respectively. 
  
(a) (b) (c) 
   
 
Figure 6.47 – Sensitivity to changing the steel material property parameters (a) Young’s modulus, 
(b) Poisson’s ratio and (c) mass density. 






The compliant element material properties were fit using Mooney constants 
and are visco-elastic. Therefore, there were 3 Mooney constants (C10, C20 and C30), 
6 visco-elastic parameters (Strain visco-elastic time 1, 2, 3 and strain visco-elastic 
function multiplier 1, 2, 3) and the mass density that were adjusted during this 
sensitivity study.  Figure 6.48 shows the sensitivity to these parameters. Increasing the 
values of the Mooney C30 and visco-elastic time 3 by 20 % stopped the model from 
solving, and therefore no results are shown for these runs. A 20 % increase in the C10 
value caused an 11.26 % drop in the peak force and decreasing the visco-elastic time 1 
reduced both the peak force and the compliant element compression by over 20 %. 
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Figure 6.48 – Sensitivity to changing the compliant element Mooney material property 
parameters (a) – (c), visco-elastic parameters (d) – (i) and the mass density (j). 
Foot rubber 
The foot rubber material is fit using the Mooney material model and therefore 
has parameters C10, C01, C11, C20 and C30. The visco-elastic parameters and mass 
density were also altered. Figure 6.49 shows the sensitivity to these parameters. 
Increasing the value of the Mooney C11 and decreasing the value of the Mooney C20 
parameters by 20 % stopped the model from solving and therefore the results of this 
run are not presented. In terms of peak force and compliant element compression, the 
C30 parameter had the largest effect (a 20 % decrease in C30 decreased the peak force 





by 0.63 % and decreased the compliant element compression by 0.47 %). Changes in 
the C11, C20 and C30 Mooney parameters caused the time to peak force and time to 
peak compliant element compression to change by 1.64 % which is the equivalent of 1 
time step in the numerical model (0.2 ms).  
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Figure 6.49 – Sensitivity to changing the foot rubber Mooney material property parameters (a) –
 (e), visco-elastic parameters (f) – (k) and the mass density (l). 
Heel pad 
The heel pad material is fit using the Mooney material model and therefore has 
parameters C10, C01, C11, C20 and C30. The visco-elastic parameters and mass 





density were also altered. Figure 6.50 shows the sensitivity to these parameters. A 
20 % increase in C11 and a 20 % decrease in C20 made the material model unstable 
and the model did not solve and therefore no results were obtained for these runs. In 
terms of peak force and compliant element compression, the C10 parameter had the 
largest effect (a 20 % decrease in C10 increased the peak force by 1.01 % and 
increased the compliant element compression by 0.71 %). All changes in time to peak 
force and time to peak compliant element compression were 1 time step (1.64 %).  
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Figure 6.50 – Sensitivity to changing the heel pad Mooney material property parameters (a) – (e), 
visco-elastic parameters (f) – (k) and the mass density (l). 






The sensitivity of the model to 20 % changes in insole material properties is 
shown in Figure 6.51. The Young‟s modulus has the largest effect, a 20 % decrease 
increased the force and compliant element compression by 0.50 and 0.36 %, 
respectively. The time to peak force and time to peak compression was not affected by 
adjusting any of the parameters. 
  
(a) (b) (c) 
   
 
Figure 6.51 – Sensitivity to changing the insole (a) Young’s modulus, (b) Poisson’s ratio and (c) 
mass density. 
Midsole 
The midsole material is fit using the Ogden foam material model 
(MSC.Software Corporation 2010) and therefore has 3 sets of modulus, deviatoric 
exponents and volumetric exponents. The midsole also has visco-elastic properties and 
mass density. Figure 6.52 shows the sensitivity to these parameters. A 20 % increase 
in Foam Moduli 1 and a 20 % decrease in foam deviatoric exponent 2 made the 
material model unstable and the model did not solve and therefore no results were 
obtained for these runs. Changes in the visco-elastic properties and mass density had a 
relatively small effect on the model (the maximum change was a 0.41 % decrease in 
the peak force when the visco-elastic energy function multiplier 3 was increased by 
20 %), however the model was sensitive to changes in the foam modulus and 
devaitoric exponents. In terms of peak force and compliant element compression, foam 
modulus 2 had the largest effect (a 20 % decrease, decreased the peak force by 4.32 %, 
decreased the compliant element compression by 3.81 %). In terms of time to peak 
force and time to peak compliant element compression foam modulus 1 has the largest 





effect (a 20 % decrease, decreased both the time to peak force and time to peak 
compliant element compression by 6.89 %.  
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Figure 6.52 – Sensitivity to changing the midsole Ogden foam parameters (a) – (i), visco-elastic 
parameters (j) – (o) and the mass density (p). 






The outsole material is fit using the Ogden material model and therefore has 3 
pairs of modulus and exponents. The outsole also has visco-elastic properties and mass 
density. Figure 6.53 shows the sensitivity to these parameters. Increasing the Ogden 
modulus 1, modulus 2 and exponent 2 caused a 1.64 % decrease in time to peak force. 
This was the equivalent of 1 time step in the numerical model (0.2 ms). Decreasing the 
Ogden modulus 2 increased the peak force by 0.90 % and the compliant element 
compression by 0.62. Changes to the visco-elastic parameters and mass density had a 
relatively small effect on any of the parameters (maximum was a 0.28 % decrease in 
peak force when the mass density was decreased 20 %). 
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Figure 6.53 – Sensitivity to changing the outsole ogden material property parameters (a) – (f), 
visco-elastic parameters (g) – (l) and the mass density (m). 
Cardboard 
The sensitivity of the model to 20 % changes in cardboard material properties 
is shown in Figure 6.54. The mass density has the largest effect, a 20 % decrease, 





decreased the peak force and compliant element compression by 0.21 and 0.15 %, 
respectively. The time to peak force and time to peak compression was not affected by 
adjusting any of the parameters. 
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Figure 6.54 – Sensitivity to changing the cardboard material property parameters (a) Young’s 
modulus, (b) Poisson’s ratio and (c) mass density. 
Initial conditions and boundary conditions 
The sensitivity of the model to the mass of the accelerating plate, the proximal 
leg mass and the accelerating plate displacement curve is investigated in the following 
section. 
Mass of the accelerating plate 
Figure 6.55 shows the sensitivity of the model to adjusting the mass of the 
accelerating plate. A 20 % increase caused a 0.12 and 0.09 % increase in peak force 




Figure 6.55 – Sensitivity to changing the mass of the accelerating plate. 





Proximal leg mass 
Figure 6.55 shows the sensitivity of the model to adjusting the proximal leg 
mass. A 20 % decrease caused a 12.84 and 8.32 % decrease in peak force and peak 




Figure 6.56 – Sensitivity to changing the proximal leg mass. 
Accelerating plate displacement 
The accelerating plate was controlled using the average displacement curve 
from experiments conducted on AnUBIS (Figure 6.33). Data from the upper and lower 
standard deviation of this curve were used as an input to determine how sensitive the 
model was to this error. The results of this sensitivity study are shown in Figure 6.57. 
Using the lower standard deviation as the boundary condition the peak force was 




Figure 6.57 – Sensitivity to changing the displacement of the accelerating plate. 
Discussion and conclusions 
Table 6.17 summarises the results of the sensitivity study. The materials that 
the model is most sensitive to are the compliant element, midsole and the steel, 20 % 
changes in material properties caused the peak force to change by 20.47, 4.33 and 





6.82 %, respectively. The model is also sensitive to the proximal leg mass and the 
displacement curve used to control the movement of the plate, this information is 
valuable to inform vehicle designers and to inform recommendations in terms of 
postures that occupants should avoid, for example the fact that the proximal leg mass 
has such a large effect on the peak force demonstrates that sitting with your elbows 
resting on your knees may increase the force travelling through the tibia, thereby 
increasing the risk of injury. 
While this sensitivity study has highlighted that the mass density of steel and 
the properties of the compliant element are important parameters, these are ATD 
materials that have been chosen to replicate the response of a human. Therefore, in 
terms of designing mitigation the results of this sensitivity study highlight the potential 
benefits that can be gained from adjusting the properties of the combat boot. While the 
peak force is relatively insensitive to the properties of the insole, outsole and 
cardboard in the combat boot (20 % changes in the material properties have less than a 
0.9 % effect on the peak force) it is more sensitive to the properties of the midsole 
(20 % changes in the material properties have more than a 4 % effect on the peak 
force). It is therefore the material properties of the combat boot midsole that are the 
focus of Chapter 7. 





 Peak force 












Aluminium Mass density 0.81 Mass density 1.27 
Steel Mass density 6.82 Mass density 6.17 
Compliant element Visco time 1 20.47 Visco time 1 20.68 
Foot rubber C30 0.63 C30 0.47 
Heel pad C10 1.01 C10 0.71 
Insole Young's modulus 0.50 Young's modulus 0.36 
Midsole Foam modulus 2 4.33 Foam modulus 1 6.89 
Outsole Ogden modulus 2 0.90 Ogden modulus 2 0.62 
Cardboard Mass density 0.21 Mass density 0.15 
Mass of plate  0.12  0.09 
Proximal leg mass  16.88  10.38 
Plate displacement  17.94  13.80 
 
Table 6.17 – The properties with the largest effect on the peak force and peak compliant element 
compression for each of the materials / boundary conditions / initial conditions investigated in this 
sensitivity study. 
One limitation with the one-at-a-time method used in this sensitivity study is 
that it assumes that the factors that affect the response of the model are independent of 
one another (Fisher 1955). One other limitation is that only one level, above and below 
the baseline value was investigated. It is possible that the relationship is not linear and 
small increases or decreases in a certain value will cause dramatic changes in the 
overall response of the model. It is also possible that a change of 20 % may or may not 
be large in the context of a given variable. Despite these limitations this sensitivity 
study has successfully identified the factors which have the most significant effect on 
the response of the model, in particular identifying the material properties of the 
midsole as an area worthy of further research. 
6.6 Summary 
This chapter described the development of numerical models of the Meindl 
Desert Fox combat boot and the MiL-Lx. Each model was validated individually; the 
combat boot against the drop weight rig tests (Chapter 3), and the MiL-Lx against the 





tests conducted with no boots (Chapter 5). The models were then combined and 
compared with the experimental results obtained when the MiL-Lx was fitted with the 
Meindl desert fox combat boot. The models matched well and predicted the trends 
seen experimentally at a range of severities. 
This simple validated numerical model is a powerful tool which can be used to 
assess mitigation technologies. In Chapter 7 the model is used to assess the effect of 
changing the materials of the combat boot, as well as the geometry to determine the 




CHAPTER   7  
SENSITIVITY OF COMBAT BOOT DESIGN IN 
REDUCING FORCE TRANSMITTED DURING AN 
UNDER-VEHICLE EXPLOSION 
In Chapter 6 the development of both the MiL-Lx and combat boot numerical 
model was described and the models were validated separately and also when 
combined. In this chapter the numerical model is used to gain an understanding of the 
effect of both the material and geometry of the combat boot in altering the loads 
transferred to the MiL-Lx. 






The aim of this chapter is to understand the effect combat boot design changes 
have on the peak force transferred to a lower limb during an under-vehicle explosion. 
In order to achieve this, this chapter is divided into two sections. The first is the 
investigation of the effect of altering the materials of the combat boot and the second 
assesses the effect of altering the geometry. 
7.1.1 The effect of altering the materials of the combat boot 
The results from Chapter 6 showed that the numerical model was particularly 
sensitive to the properties of the midsole, therefore warranting further investigation 
into its properties. This section investigates the effect of changing the properties of the 
midsole material on the forces and accelerations transferred to the MiL-Lx. 
Effect of scaling the stress-strain curve of the midsole 
Introduction  
In Chapter 6 individual mathematical constants were altered to adjust the 
properties of the material. When using a mathematical model to fit the properties of 
different materials, the values are not mutually exclusive and therefore scaling the 
stress-strain curve alters more than one material constant at a time. Therefore, the aim 
of this section is to perform a study to understand the sensitivity of the force measured 
at the upper-tibia load cell of the MiL-Lx to the material properties of the midsole 
through scaling of the stress-strain curve (effectively this scaling alters the stiffness of 
the material). The motivation behind this aim is to gain an understanding as to whether 
a stiffer midsole material is beneficial in terms of reducing the peak force measured at 
the proximal tibia. 
Methods 
In this study the experimentally obtained stress-strain curve for the midsole 
was scaled and a new set of material constants were calculated. The stress values were 









Figure 7.1 – The stress-strain curves made by scaling the stress values of the material properties 
of the midsole by factors of 1.3, 2.6, 5.2, 10.4 and 20.8. 
The only property changed from the validated model of the combat boot and 
MiL-Lx described in Chapter 6 were those of the midsole material which were used in 
the model in the previous chapter. The accelerating plate was given the displacement 
calculated by integrating the data measured using accelerometers during a high 
severity AnUBIS test. 
 Results 
Figure 7.2 shows the force-time curves measured at the upper tibia load cell 
with the 6 midsole stiffnesses and Figure 7.3 shows the effect of scaling the stress of 
the stress-strain curve of the midsole material on the peak force and time to peak force. 
Initially, the stiffer material increased the peak force but when scaled by values greater 
than 2.6 the peak force measured at the upper tibia reduced. The time to peak force 
was reduced for all stress scale values. 







Figure 7.2 – The effect on the force-time curve measured at the upper-tibia load cell of scaling the 




Figure 7.3 – The effect of scaling the stress values of the material properties of the midsole by 
factors of 1.3, 2.6, 5.2, 10.4 and 20.8 on the peak force and time to peak force measured at the 
upper tibia load cell. 
Discussion and conclusions 
The results demonstrate the effect of stiffening the midsole properties on the 
peak force. With this impact acceleration profile, when the stress was scaled by the 
smallest factor (1.3), there was an increase in peak force and the time to peak force 
was significantly lower. At all of the other stiffnesses of midsole material the higher 
the stiffness, the lower the peak force. Interestingly, this is a relationship that has also 





been found when investigating the effect of cushions in airplane ejection seats as 
described below.  
Stech and Payne (1969) developed dynamic models of the human body for the 
application of understanding the response of a human during airplane ejection. Using a 
simple mass-spring system and assuming that the input acceleration-time pulse was 
rectangular in shape, they studied the effect of altering the pulse duration of the input 
acceleration curve. Figure 7.4a shows a schematic of the simple mass-spring model, 
Figure 7.4b shows the input acceleration pulse and Figure 7.4c shows the relationship 
between the output peak force and input acceleration pulse duration while the 
amplitude of the acceleration is kept constant. Acceleration inputs below a critical 
duration result in a lower peak force. 












Figure 7.4 – (a) simple mass-spring system to represent the human body during an airplane 
ejection, (b) the rectangular input acceleration and (c) the peak force vs the duration of a 
rectangular input acceleration for the simple mass spring system. Figures adapted from Stech and 
Payne (1969). 





Payne et al. (1969) used a similar simple one degree of freedom model to 
demonstrate the tolerance to impact accelerations of the human spine with respect to 
duration during an airplane ejection. However, in this model a second spring was 
added beneath the first to simulate the addition of a cushion. Again, the input 
acceleration was assumed to be rectangular with a constant amplitude but variable 
duration (as shown in Figure 7.4b). Figure 7.5 shows the effect of adding the cushion 
on the acceleration tolerance level. At the low durations of input accelerations the 
human spine is able to withstand higher amplitudes of acceleration with a cushion than 
without a cushion, however as the duration of the acceleration increases this 
relationship reverses; the addition of a cushion reduces the amplitude of the 
accelerations that the human spine can tolerate in comparison to having no cushion at 
all. Unfortunately the authors did not compare the theoretical tolerance levels 
presented in Figure 7.5 with clinical data. 
 
 
Figure 7.5 – Acceleration tolerance levels with and without a cushion. Adapted from Payne 
(1961). 
Perry et al. (1997) experimentally evaluated the response of seat cushions to 
the impact expected during an aircraft ejection. They compared the impact response of 
2 cushion designs to the „no cushion‟ impact condition using human subjects exposed 
to vertical impacts. Accelerations were measured at the head and the chest of the 
subject. They found that the average acceleration at both the head and chest was lower 
with no cushion than with either cushion design, although the differences were not 





significant. This demonstrates experimentally, that reducing the output acceleration is 
not as simple as adding a soft cushion. 
The output force measured in a dynamic, mass-spring system is reliant on both 






where   is the natural frequency of the system,   is the stiffness of the spring and  is 
the mass above the spring. While, the mass of the lower limb cannot be altered, the 
stiffness of the combat boot can. The duration of the acceleration depends on the 
details of the threat (size of charge, depth of burial, type of soil, vehicle design).  
The aim of this section was to determine whether it would be beneficial in 
terms of the peak force measured at the proximal tibia to have a softer or stiffer 
midsole material, the results demonstrated that through increasing the stiffness of the 
midsole material the peak force measured at the proximal tibia can both increase and 
decrease. A greater understanding of why, depending on how much the stiffness is 
increased by, the peak force measured at the proximal tibia can both increase and 
decrease is required.  
In the following sections the effect of altering the stiffness of the midsole 
material on the peak force measured at the proximal tibia at a range of input 
acceleration frequencies is investigated. Due to the large number of variables in the 
validated MiL-Lx and combat boot model described in Chapter 6 this investigation is 
undertaken using three models with increasing levels of complexity: 
1) A very simple model with a steel cylindrical tibia to represent the ATD and 
a less stiff distal tibia material with linear properties to represent a combat 
boot. 





2) A soft linear material, 70 mm in length, is inserted into the steel cylindrical 
tibia of the model described in the first section to represent the compliant 
element seen in a MiL-Lx. 
3) The validated non-linear MiL-Lx and combat boot model developed in 
Chapter 6. 
Simplified numerical model 
Introduction 
In order to develop an understanding of the dynamics of the lower limb during 
an under vehicle explosion, a simple model was developed. The simple model has 
similar dimensions to the MiL-Lx model developed in Chapter 6 in terms of length 
and diameter and load is measured at similar locations (proximal and distal tibia), 
instead of a combat boot with complex geometry and a number of materials, the boot 
is replaced by one material with the same thickness of the combat boot, the stiffness of 
which is lower than that of the tibial shaft. The aim of this simple model is firstly to 
investigate the effect of the frequency of the input acceleration and secondly to 
investigate the effect of altering the stiffness of a distal tibia material (combat boot 
surrogate). 
Methods 
A graphical representation of the simple model can be seen in Figure 7.6. A 
cylinder, 43.92 mm in diameter and 420.3 mm in length was used to simulate the 
lower limb. As with the model validated in Chapter 6, 2.23 kg was placed at the 
proximal end to represent the mass of the knee. The impactor was assigned a mass of 
42 kg. The lower limb was divided into two parts; the proximal end of the cylinder 
was a stiff steel material to represent the tibia and  a 21 mm thickness of the cylinder 
at the distal end was given material properties with stiffnesses considerably lower than 
steel to represent a combat boot beneath the tibia. 







Figure 7.6 – Graphical representation of a simple model of an ATD lower limb with a 43.92 mm 
diameter tibia and a 21 mm thickness distal tibia material. 
The input acceleration was also simplified. A half-sine wave curve was used 
with an amplitude and frequency similar to that measured experimentally. The effect 
of altering the frequency of the input curve was then investigated. Figure 7.7a shows 
the baseline half-sine wave input and how this compares to the experimentally 
measured acceleration curve, Figure 7.7b shows the higher and lower frequency sine 
waves that were used as acceleration inputs. The acceleration curves were imported 
into MSC Marc (MSC Software, Santa Ana, CA, USA) and integrated twice to obtain 
a displacement curve which was applied as a boundary condition to the 42 kg 
accelerating plate. 










Figure 7.7 – Input accelerations for the simple model. (a) presents a half-sine wave fit to match 
the experimentally measured acceleration. This curve has a frequency of 40 Hz. (b) presents half-
sine waves with frequencies higher and lower than the experimentally measured acceleration. 
In order to investigate the effect of the stiffness of the distal tibia material it 
was assigned 3 Young‟s moduli: 10, 100 and 1000 MPa, to represent a low, medium 
and high stiffness material, respectively. All of these materials have a lower Young‟s 
modulus than steel (200 GPa). Six frequencies of acceleration input were investigated 
(5.5, 10, 20, 40, 80, 160 Hz); these curves are shown in Figure 7.7b.The peak force 
was measured at the upper and lower tibia and acceleration was calculated at both the 
upper tibia and at the 42 kg accelerating plate. 






Typical acceleration curves calculated at both the accelerating plate (input) and 
upper tibia (output) from the highest (160 Hz), lowest (5.5 Hz) and closest to the 
experimentally measured frequency (40 Hz) are shown in Figure 7.8. At the low 
frequency acceleration (5.5 Hz), the output force follows the input acceleration very 
closely. When the frequency of the acceleration is increased to 40 Hz there is 
significant overshoot in the output acceleration with the low stiffness material, this is 
reduced with a medium stiffness material and there is almost no overshoot with the 
high stiffness material. At the highest frequency (160 Hz), the low stiffness material 
reduces and delays the peak of the output acceleration in comparison to the input. The 
medium stiffness material caused an overshoot and a delay in the output acceleration. 
The high stiffness material caused an overshoot in the output acceleration; however, 
the output peak was reached at the same time as the input. 
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Figure 7.8 – Typical acceleration-time curves measured at the accelerating plate (input) and the 
upper tibia (output) for the simple model with a low, medium and high stiffness distal tibia 
material. 
The effect of the stiffness of the distal tibia material at a range of input 
acceleration frequencies on the peak force measured at the upper tibia can be seen in 
Figure 7.9. The low stiffness distal tibia material results in a higher peak force in 
comparison to the medium and high stiffness materials at all frequencies apart from 
160 Hz. The medium stiffness material results in a higher peak force than the stiff 
material at all frequencies. The peak force is greatest for the low stiffness material at 









Figure 7.9 – Peak force measured at the upper tibia at a range of input acceleration frequencies 
and with the low, medium and high stiffness distal tibia material. 
 Discussion and conclusions 
At low frequencies the stiffness of the distal material makes little difference to 
the output acceleration. At medium frequency acceleration inputs, for example 40 Hz, 
a low stiffness distal tibia material causes an overshoot in output acceleration while a 
high stiffness material allows the output acceleration to closely match the input 
acceleration. At high frequencies, for example 160 Hz a low stiffness distal tibia 
material can result in an output acceleration with a lower amplitude than the input 
acceleration. 
The results obtained by this simple finite element model suggest that the output 
acceleration, and therefore force measured at the upper and lower tibia is dependent on 
both the stiffness of the distal material and the duration of the input acceleration.  
The input acceleration causes a low stiffness material to initially compress. 
Once compressed, the material has potential energy that is released when it unloads. If 
the frequency of the input acceleration and the mass above the low stiffness material is 
such that this potential energy is released as the plate is still accelerating, it will be 
propelled away from the plate with acceleration greater than the input acceleration. If 





however, the material is unloaded as the plate is decelerating the mass will not be 
propelled from the plate and therefore the output acceleration will be attenuated in the 
tibia. 
For a high stiffness material at the distal tibia, there is little initial compression 
and therefore less stored potential energy to release as it is unloading. Therefore, the 
stiffer the material the more closely the output acceleration will match the input 
acceleration. In this case there is no dynamic overshoot, which explains the lower peak 
force measured with a stiff material at the distal tibia. 
With an acceleration with a very gradual onset there is little dynamic overshoot 
and therefore, with either a low or high stiffness material the output acceleration is 
similar to the input acceleration. In this case the inertial force is equal and opposite to 
the input force and therefore, there is neither amplification or attenuation (Glaister 
1978). 
This simple model has highlighted the importance of both the stiffness of the 
material at the distal tibia as well as the duration of the input acceleration. This has 
implications in terms of combat boot design since it shows that the stiffness of a 
combat boot cannot be optimised for all threat levels due to the dependence of the 
response on the frequency of the input acceleration. Due to the limitations associated 
with using such a simple model the complexity is increased in the following sections 
to improve confidence in the results. 
The MiL-Lx also has a 70 mm compliant element in the upper tibia which this 
model does not account for. The following section investigated the effect of adding a 
second low stiffness material in the form of a compliant element to determine how this 
affects the dynamics of the system. 





Simple model with compliant element. 
Introduction 
One of the main differences between the MiL-Lx and Hybrid-III is that the 
MiL-Lx has a 70 mm rubber compliant element. In order to investigate the effect of 
adding the compliant element, the simple model described above is altered to 
incorporate a material with a stiffness significantly lower than the steel shaft. The aim 
of this model is to understand the dynamics of adding a second compliant part to this 
model. 
Methods 
The material properties of a 70 mm length of the steel shaft were changed to 
have linear material properties with a Young‟s Modulus of 100 MPa to represent the 
compliant element. As with the previous simple model, the stiffness of the distal tibia 
material was assigned low, medium or high Young‟s moduli (10, 100 and 1000 MPa, 
respectively). The amplitude of the input acceleration was kept constant, while the 
frequency of the acceleration was adjusted to 5.5, 10, 20, 40, 80 and 160 Hz, these 
acceleration curves were previously presented in Figure 7.7b. A diagram of the simple 
model, with compliant element is shown in Figure 7.10. 







Figure 7.10 – Graphical representation of the simplified numerical model with compliant element.  
Results 
Figure 7.11 shows typical acceleration-time curves taken from the accelerating 
plate (input), the lower tibia and the upper tibia. At the lower frequency acceleration 
input (5.5 Hz) the output acceleration closely matches the input acceleration.  
At an input acceleration of 40 Hz an overshoot in the acceleration measured at 
the upper tibia is seen in all materials, albeit greater with a softer distal tibia material. 
At the highest frequency (160 Hz), the acceleration measured at the lower tibia 
is attenuated with the low stiffness distal tibia material but amplified with the medium 
stiffness material. The high stiffness material allows the acceleration of the lower tibia 
to closely match the input acceleration. At the upper tibia, with the low stiffness distal 





tibia material, the acceleration is delayed such that the input acceleration is almost 
over before the upper tibia starts to accelerate. This delay is shorter for the medium 
and high stiffness distal tibia materials. The output acceleration measured at the upper 
tibia is similar in amplitude to the input for the low stiffness distal tibia material and is 
amplified with both the medium and high stiffness material. 
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Figure 7.11 – Typical acceleration-time curves for the simple model with compliant element. The 
effect of low, medium and high stiffness distal tibia materials can be seen by comparing each of 
the rows and the effect of the frequency of the input acceleration can be seen by comparing the 
columns. 





The peak force measured at the upper tibia load cell is compared in Figure 
7.12. At the lowest frequency (5.5 Hz) there is little difference in the peak force 
measured at the upper tibia with the 3 stiffnesses of distal tibia material. At 
frequencies of 10, 20, 40 and 80 Hz the peak force at the upper tibia is substantially 
greater with a low stiffness distal tibia material in comparison to the medium and high 
stiffness material. However, at the highest frequency (160 Hz), the peak force 
measured with the low stiffness material is significantly lower than with the medium 
and high stiffness materials. 
 
 
Figure 7.12 – Peak force measured at the upper tibia at input acceleration frequencies between 
5.5 and 160 Hz and with the low, medium and high stiffness distal tibia materials. 
Discussion 
At very low frequencies the stiffness of the distal tibia material makes little 
difference to the output acceleration at either the lower or upper tibia.  
At medium frequencies, for example 40 Hz, there was an overshoot in the 
upper tibia acceleration with all 3 stiffnesses of distal tibia material. However, the 
response of the lower tibia changes as the stiffness of the distal tibia material is altered 
which has a knock on effect to the amplitude of the output acceleration of the upper 
tibia. With a high stiffness distal tibia material the lower tibia acceleration closely 
follows the input acceleration, while with a medium and low stiffness distal tibia 
material there is an overshoot in the acceleration response of the lower tibia. 





High frequency accelerations, for example 160 Hz, allow the low stiffness 
material to attenuate the acceleration of the lower tibia in comparison to the input 
acceleration, however the acceleration is amplified by the complaint element such that 
the output acceleration of the upper tibia is of similar amplitude to the input 
acceleration. With a medium and high stiffness material the amplitude of the output 
acceleration of the upper tibia is greater than the input acceleration. This model is 
useful in order to understand the basic dynamics of the system, however, there are 
large simplifications in terms of both the materials and the geometry of the model. The 
material properties of both the compliant element and distal tibia material have linear 
stress-strain behaviour. In terms of geometry, this simple model has just one material 
at the distal tibia. In reality the combat boot itself has 4 materials (nylon, cardboard, 
midsole and outsole) and the foot has 2 materials (foot rubber and heel pad). The 
geometry of these materials is more complex than the representations used in this 
simple model. 
In order to investigate the effect of these simplifications, the validated model of 
the MiL-Lx and combat boot from Chapter 6 was used to understand the effect of 
adjusting the midsole stiffness and the frequency of the input acceleration. 
 Effect of the midsole material stiffness and frequency of the input acceleration 
on the validated MiL-Lx model with combat boot. 
 Introduction 
The previous section has shown that with a simple model the response of the 
ATD is dependent on both the stiffness of the distal tibia material and the frequency of 
the acceleration of the 42 kg plate, however, the effect of non-linear materials and 
more complex geometry has not been investigated. Therefore, the aim of the following 
section is to determine the effect of the frequency of the input acceleration with a low, 
medium and high stiffness non-linear midsole with the validated model of the MiL-Lx 
and combat boot from Chapter 6. 






The model of the MiL-Lx and combat boot validated in Chapter 6 was used to 
investigate the effect of altering the stiffness of the midsole and the frequency of the 
acceleration of the 42 kg plate. The frequency of the input acceleration was adjusted 
from 5.5 to 160 Hz; these acceleration traces have previously been presented in Figure 
7.7b. Three levels of stiffness were used for midsole, with the baseline stress-strain 
curve used for the low stiffness material and the stress values of the stress-strain curve 
scaled by factors of 5.6 and 20.8 for the medium and high stiffness materials, 
respectively. All other properties, including geometry, material properties, initial and 
boundary conditions were kept the same as those described for the validated model in 
Chapter 6. 
 Results 
Figure 7.13 shows the typical acceleration characteristics of the 42 kg plate 
(input), the lower and the upper tibia load cell. At the lowest frequency (5.5 Hz) the 
acceleration of the upper and lower tibia broadly follows that of the input acceleration, 
however the lower the stiffness of the midsole material the greater are the undulations 
above and below the input acceleration.  
At 40 Hz the output acceleration of the lower tibia is greater than the input by 
factors of 1.95, 1.93, 2.21 for the low, medium and high stiffness midsole, 
respectively. The difference between the acceleration of the lower tibia and the upper 
tibia is similar apart from with the high stiffness midsole test where a slight reduction 
in acceleration is seen between the upper tibia and the lower tibia. 
At the highest frequency (160 Hz), the output acceleration of the upper tibia is 
reduced with all 3 stiffness midsoles in comparison to both the input and lower tibia 
accelerations. However, the greatest reduction is seen with the low stiffness midsole. 
With all 3 stiffnesses of midsole the acceleration of the upper tibia does not begin until 
after the 42 kg plate has started to decelerate. 
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Figure 7.13 – Typical acceleration-time curves for the validated model of the MiL-Lx with combat 
boot. The effect of a low, medium and high stiffness midsole can be seen by comparing each of the 
rows and the effect of the frequency of the input acceleration can be seen by comparing the 
columns. 
Figure 7.14 shows the peak force measured at the upper tibia load cell with all 
input acceleration frequencies and midsole stiffnesses. At all frequencies up to 40 Hz 
the low stiffness midsole results in a higher peak force than the medium or high 
stiffness midsole. At frequencies higher than this (80 and 160 Hz) the peak force 
measured at the upper tibia is reduced by a low stiffness midsole in comparison to the 
medium and high stiffness midsoles. 







Figure 7.14 – Peak force measured at the upper tibia using the validated MiL-Lx and combat boot 
model at a range of plate acceleration frequencies and with 3 midsole stiffness’s (low, medium and 
high). 
Discussion and Conclusions 
The results obtained from this simple model are similar in trends as those 
obtained from the model with linear material properties and simplified geometry 
described in the previous section. In both this model and the simple model there is a 
transition frequency below which a low stiffness material is more beneficial and above 
which a high stiffness material is more beneficial. In this, more complex model, this 
transition occurs at a frequency between 40 and 80 Hz. However, the simpler model 
predicted that this would be between 80 and 160 Hz. The frequencies at which the 
model of the MiL-Lx and Combat boot predicts that a lower stiffness midsole would 
result in a lower peak force in comparison to a higher stiffness midsole is presented in 
Figure 7.15. 
 Frequency (Hz) 
 5.5 10 20 40 80 160 
Simple model        
Complex model of 
MiL-Lx and combat  
      
  
Figure 7.15 – Table to show the frequencies at which both the simple and complex numerical 
model predicts that a low stiffness distal tibia material or midsole will result in a lower peak force 
than a high stiffness distal tibia material (  - yes,  - no). 





The reason for the more complex model having a different transition frequency 
could be due to the non-linear characteristics of the material properties of the rubbers 
and foams. The dynamic response of the system is dependent on its natural 
frequencies. Equation 7.1 in this chapter defined the relationship between the natural 
frequency, stiffness and mass. As the non-linear materials compress, their stiffness 
changes, and therefore so does the natural frequency and the response of the MiL-Lx 
and combat boot to the input acceleration. The simple geometry and the different mass 
of the simple model in comparison to the validated MiL-Lx and combat boot model 
may also affect its response. 
The damping parameters were calculated using experimental data from stress 
relaxation tests. Figure 7.16a replicates the data obtained from the stress relaxation test 
on the foam midsole of the combat boot previously presented in Chapter 6 (Figure 
6.14) and Figure 7.16b shows the same data but the x-axis is scaled such that just 
10 milliseconds of data is shown. The figures show that although there is significant 
reduction in the stress over a period of 10 seconds, over the duration of the application 
of forces investigated in this Chapter (~10 milliseconds) there is very little relaxation 




Figure 7.16 – Stress-relaxation of the combat boot midsole material previously presented in 
Chapter 6, (a) shows the relaxation of the material over a period of 10 seconds and (b) over 0.01 
seconds (10 milliseconds). 





The stress-relaxation data was obtained by compressing the material at a rate of 
300 mm/min, this is likely to be significantly slower than the rate expected during an 
under-vehicle explosion. The strain rate dependence of damping means it is likely that 
this model underestimates the damping in the compliant materials. A material with a 
large amount of damping would mean that the material is no longer pushing back 
against the accelerating plate and therefore it is likely that there will be less overshoot 
in the output acceleration. 
The input acceleration for the plate used here was a smooth sine wave. In 
reality the acceleration profile is likely to have a number of peaks of different 
durations and there will also be variations in the amplitudes of these peaks. The effect 
of this has not been investigated in this chapter but it is likely to result in a more 
unpredictable response. 
The conclusions from this section are that a low stiffness midsole will result in 
a lower peak force at high frequency accelerations, however, this relationship reverses 
at low frequency accelerations. The fact that the response of the MiL-Lx is dependent 
on the frequency of the input acceleration suggests that designing a combat boot 
capable of mitigating a range of threat levels will be difficult. At the beginning of this 
section reference was made to studies investigating cushions for airplane ejection 
seats. In this scenario the engineer has the luxury of knowing the exact characteristics 
of the input acceleration since this is carefully controlled. An under-vehicle explosion 
can result in a number of input acceleration profiles dependent on variables out of the 
control of the engineer, and therefore designing a combat boot to mitigate one threat 
may result in a design which would in fact increase the force transmitted to the lower 
limb in a different threat. 
The results also demonstrate the importance of the unloading characteristics of 
the individual materials. It would be desirable to use a material in the combat boot that 
absorbs a lot of energy and unloads very slowly. This could be achieved with a 
material with extremely high damping or a material that permanently deforms under 
loading. 





In this section the geometry of the combat boot has been kept constant, the 
following section investigates the effect of adjusting the geometry of the combat boot. 
7.1.2 The effect of altering the geometry of the combat boot 
In the previous section the dependence of the response of the lower limb on 
both the frequency of the acceleration input and the stiffness of the midsole material 
was highlighted. In this section the effect of altering the geometry of the midsole is 
investigated to determine whether the dependence on the input acceleration frequency 
is as exaggerated when the thickness is increased. 
Cheng et al. (2001) conducted a study to control helicopter seat cushions for 
the reduction of spinal injuries. They noted that the seat cushion thickness is an 
important factor in cushion design. The greater the cushion thickness, the better the 
performance of a cushion for the impact energy attenuation. Increasing the thickness 
of the combat boot is also a method that has been used in designing combat boots to 
protect soldiers from anti-personnel landmines, for example the Koflach® boot (Wolff 
et al. 2005) and the Aegis PPE100 mine boot (Aegis Blast Protection Ltd 2011). 
Although it is unlikely that it would be practical to increase the thickness of a combat 
boot significantly, it would be of interest to determine how sensitive the response of 
the lower limb is to the thickness of the combat boot and also to determine whether the 
thickness attenuates or amplifies the effect of the input acceleration frequency. The 
aim of this section is to determine the effect of increasing the overall thickness of the 
combat boot by altering the thickness of the midsole. 
This section is structured into 2 parts, the first uses a simple numerical model 
to help understand the dynamics of increasing the thickness of a material at the distal 
tibia and the second investigates increasing the thickness of the midsole using the 
more complex validated numerical model of the MiL-Lx and combat boot. 





The effect of increasing the distal tibia material thickness using a simple 
numerical model. 
 Introduction 
A simple model was used in Section 7.1.1 of this chapter to understand the 
dynamics of the lower limb when the stiffness of the materials were adjusted. In this 
section the same simple model is used to investigate the effect of increasing the 
thickness of the distal tibia material. 
 Methods 
The simple model described in Section 7.1.1 of this chapter was adjusted to 
make 3 further models with a 42, 84 and 168 mm thick material at the distal tibia. 
Graphical representations of these models are shown in Figure 7.17. The plate was 
given acceleration with amplitude of 125g at frequencies of 5.5, 10, 20, 40, 80 and 160 
Hz. These acceleration profiles have been presented previously in Figure 7.7b. The 
acceleration and reaction force was calculated at the lower and upper tibia load cells. 
The Young‟s modulus of the distal tibia material was kept constant at 10 MPa, this 
corresponds to the low stiffness material used in Section 7.1.1 of this chapter.
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Figure 7.17 – Graphical representations of simple numerical models with 4 thicknesses of distal 
tibia material: (a) 21 mm, (b) 42 mm, (c) 84 mm, (d) 168 mm. 
Results 
Figure 7.18 shows the typical acceleration-time traces of the plate (input), 
lower tibia and upper tibia. At the lowest frequency (5.5 Hz), an increase in the 
thickness of distal tibia material results in an increase in the amplitude and decrease in 
the frequency of the vibrations in the acceleration at both the upper and lower tibia 
load cell, however, the shape of the curves with all thicknesses of distal tibia material 
broadly follow that of the input acceleration. At an acceleration input frequency of 
40 Hz, all thicknesses of material result in an overshoot in the output acceleration at 
both the upper and lower tibia, however, as the thickness is increased this overshoot is 
reduced and the time to peak acceleration is increased. At the highest frequency (160 





Hz), with a thickness greater than 21 mm the output acceleration is attenuated and the 
percentage attenuation increases as the thickness increases. 
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Figure 7.18 – Typical acceleration-time curves for the simple model with compliant element. The 
effect of increasing the thickness of the distal tibia material can be seen by comparing each of the 
rows and the effect of the frequency of the input acceleration can be seen by comparing the 
columns. 





Figure 7.19 shows the peak forces measured at the upper tibia load cell at all 
frequencies and with all thicknesses of distal tibia material. At the lower frequencies 
(5.5, 10 and 20 Hz) increasing the distal tibia material thickness increases the peak 
force, however at the higher frequencies (40, 80, 160 Hz) this trend is reversed. 
 
 
Figure 7.19 – Peak force measured at the upper tibia at a range of frequencies with distal tibia 
materials with thicknesses of 21, 42, 84 and 168 mm. 
Discussion and conclusions 
The results from this simple model show that with high frequency input 
accelerations (40 – 160 Hz), thick materials at the distal tibia can reduce the peak force 
measured at the upper tibia by a large amount. The thicker the material the longer the 
time delay in compressing the material, and therefore the longer the time before the 
material is pushing back against the accelerating plate. If this delay is long enough the 
material is pushing back against a decelerating plate and therefore the overshoot in 
output acceleration is reduced. This is seen in the test at 40 Hz with a distal tibia 
material thickness of 168 mm.  
However, as has been discussed with the previous simple models, although the 
model is a helpful tool in understanding the dynamics of the system there are a number 
of simplifications and the model has been not validated against experimental data. 
Therefore, in the following section, the validated model is used to understand the 
effect of increasing the thickness of the midsole of the combat boot. 





 Effect of the combat boot thickness using the validated model. 
 Introduction 
The previous sections used a model which had simplifications in terms of both 
geometry and material properties. In the model validated in Chapter 6 the materials 
have non-linear behaviour and the geometry of the model is more complex. The aim of 
the following section is to determine whether the results obtained regarding the 
thickness of the distal tibia material hold true in the more complex model. 
 Methods 
The model of the combat boot and MiL-Lx described in Chapter  6 was used as 
the baseline geometry. The thicknesses of the midsole was increased by 3.5, 7, 14, 28 
and 56 mm from its baseline height and the peak force and time to peak force, 
measured at the upper tibia load cell was used to compare the results of the 
simulations. The accelerating plate was given the displacement measured during a 
high-severity AnUBIS test. Figure 7.20 shows graphical representations of the 
numerical models. 
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Figure 7.20 – Graphical representations of the numerical models with additional midsole 
thicknesses of (a) 0, (b) 3.5, (c) 7, (d) 14, (e) 28 and (f) 56 mm. 






Figure 7.21 shows the effect of adjusting the midsole thickness on the peak 
force and time to peak force measured at the upper tibia load cell. Increasing the 
thickness of the midsole by 56 mm reduced the peak force by 37.01 % (5.81 to 




Figure 7.21 – The effect of adjusting the thickness of the midsole on the peak force and time to 
peak force measured at the upper tibia load cell. 
Discussion and conclusion 
The simple model used in the previous section demonstrated that increasing the 
thickness of the distal tibia material can reduce the output peak force at high 
frequencies of acceleration. This more complex model demonstrates that this finding 
holds true with a more accurate geometry and a less simplified input acceleration.  
It is likely that increasing the thickness of the combat boot at this threat level 
(input acceleration-time profile measured from a high severity AnUBIS test) can 
significantly reduce the force being transmitted to the lower limb during an under-
vehicle explosion. However, a 56 mm increase in the thickness of the combat boot 
would leave a significant burden on the user during everyday activities. It is possible 
to add a material beneath the combat boot which will have the same effect of 
increasing the thickness of material beneath the foot without having an effect on the 
performance of the combat boot during other activities. This is investigated in more 
detail by experimentally assessing blast mats in Chapter 8. 






This chapter has investigated the effect of altering both the material properties 
and the geometry of the combat boot. The response of the ATD is largely dependent 
on the frequency of the input acceleration. The results from the models presented in 
this chapter showed that there is a transition in response of the MiL-Lx at a certain 
input acceleration frequency. This transition is dependent upon the natural frequency 
and therefore the mass and stiffness of both the MiL-Lx and combat boot. 
The dependence of the response of the MiL-Lx on the mass and stiffness 
highlights the importance of understanding what affects these factors during an under-
vehicle explosion. Biological variability will be seen in terms of both the mass and 
stiffness of the lower limbs of occupants of military vehicles. The mass of the lower 
limb also depends on the equivalent mass applied at the proximal tibia which may 
change depending on the posture of the occupant. For example if the occupant is 
leaning on their knees or in the standing position the mass applied to the lower limb 
will be greater than if the occupant is in the seated position. The overall stiffness of the 
lower limb can be altered through the design of either the combat boot or any other 
material between the occupant and the accelerating floor. 
The dependence the response of the MiL-Lx has on the frequency of the input 
acceleration has implications in understanding both the dynamic behaviour of the 
ATDs and recommendations for the design of a combat boot. 
Response of the ATDs 
The response of both the MiL-Lx and the Hybrid-III is dependent upon the 
frequency of the input acceleration. Due to their design the response of each ATD may 
differ at the same frequency. For example at a certain frequency the response of the 
Hybrid-III may be above its transition frequency where a low stiffness material is 
beneficial in terms of reducing the peak force measured in the tibia in comparison to a 
high stiffness material but the MiL-Lx may be below its transition frequency and this 
relationship is reversed. If the two ATDs were being used to compare mitigation 
technologies, for example different combat boot designs, the interpretations from the 





results obtained from each of the ATDs may be very different at the same input 
acceleration frequency.  
The Hybrid-III was designed and validated for use in car crash research. The 
frequencies of the accelerations during a car crash are much lower than during an 
under-vehicle explosion. Therefore, the response of the Hybrid-III may be 
significantly different at the higher frequencies expected during an under-vehicle 
explosion. 
Design concepts for a combat boot to mitigate the forces transmitted to the lower limb 
during an under-vehicle explosion 
Assuming that the frequencies of acceleration during an under-vehicle 
explosion are high (greater than 40 Hz), based on the results from the models 
presented in this chapter it is recommended that the design of the combat boot 
incorporates the following characteristics: 
1. High damping or a design that allows permanent damage under impact.  
Overshoot in the output acceleration is caused by the potential energy of a 
compressed material being released pushing the lower limb away from the 
accelerating plate. Increasing the damping of the materials in the combat boot or 
allowing permanent damage will stop these materials from pushing back against 
the accelerating plate and therefore reduce the overshoot of the output 
acceleration. 
2. Low stiffness 
The results from the models presented in this chapter showed that at high 
frequencies, the lower the stiffness of the midsole of the combat boot the greater 
the attenuation of the output acceleration. 





3. Thick midsole 
At high frequencies, increasing the thickness of the combat boot reduces 
the force transferred to the lower limb. Although significant increases in the 
thickness may render the boot impractical, the boot thickness should be as large as 
possible.  
It is recognised that there are limitations with the recommendations listed 
above, particularly since they are general when in reality every under-vehicle 
explosion will be different due to the large number of variables. One assumption with 
these recommendations is that the frequency of the input acceleration is above 40 Hz, 
corresponding to a time to peak acceleration of 6.25 ms. It is possible that during an 
under-vehicle explosion the time to peak acceleration may be longer than this, in 
which case following the recommendations listed above could lead to a more severe 
injury. The input acceleration has also been assumed to be a sine-wave. The input 
acceleration is unlikely to be as smooth as that used in this numerical study and 
undulations in the acceleration profile are likely to have an effect on the response of 
both the combat boot and MiL-Lx and therefore should be considered when using 
these recommendations. 
One further limitation with this study is that the peak acceleration has been 
kept constant such that the effect of the frequency could be investigated without the 
interference of the effect of changes in the peak. In reality, shorter duration input 
accelerations during under-vehicle explosions are likely to have higher peaks than the 
longer duration accelerations, since it is likely that they are a result of the detonation 
of a larger charge beneath the vehicle floor. This may have an effect on the transition 
frequency. 
In the final study of Section 7.1.1 of this chapter the validated MiL-Lx model 
with combat boot was used to investigate the effect of midsole material stiffness. The 
material properties used for the lowest stiffness midsole were those measured 
experimentally from the Meindl Desert Fox combat boot while the medium and high 
stiffness midsoles were developed through scaling the Meindl Desert Fox midsole 
stress values by factors of 5.6 and 20.8 respectively. At the higher frequencies the low 





stiffness midsole outperformed the medium and high stiffness midsoles. The effect of 
using midsole material properties with a lower stiffness than those obtained from the 
Miendl Desert Fox combat boot has not been investigated in this chapter. While the 
results from this study suggest that the lower the stiffness the greater the attenuation of 
output acceleration it is likely that there is a minimum desirable midsole stiffness since 
if the midsole is too soft the outer material will impact the insole with a velocity as it 
no longer provides any cushioning. 
7.3 Summary 
The results from this study have shown that the frequency of the acceleration 
input and the stiffness of the materials at the distal tibia are important. Based on the 
results from the models presented in this chapter, assuming that the frequency of the 
input acceleration is high (above 40 Hz) it is recommended that the design of the 
combat boot incorporates the following characteristics: 
1. High damping or a design that allows permanent damage under impact.  
2. Low stiffness 
3. Thick midsole 
Blast mats are designed to be retrofitted to vehicle floors to help protect the 
occupants during under-vehicle explosions. This increases the thickness of the material 
below the occupant‟s heel without affecting the design of the combat boot. The 
effectiveness of 3 blast mat designs in reducing the force transmitted to both the 
Hybrid-III and MiL-Lx is assessed experimentally in Chapter 8. 
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CHAPTER   8  
A COMPARISON OF BLAST MAT DESIGNS 
Chapter 7 demonstrated that at high frequencies of acceleration input 
increasing the thickness of the combat boot could reduce the force transferred to the 
MiL-Lx significantly; however, substantial reduction in peak force required a 
thickness of combat boot that is so large that it would not be suitable for everyday use. 
This lead to the conclusion that a material that could be placed beneath the combat 
boot, fitted to the vehicle floor, would offer a solution to this problem. Blast mats have 
been designed for exactly this scenario. In this chapter, 2 blast mats with different 
design concepts are assessed using the MiL-Lx and Hybrid-III in both the seated and 
standing position at a range of impact severities in order to investigate their 
effectiveness in reducing the force transferred to the ATDs. 






Quenneville and Dunning (2011) conducted experiments using a Hybrid-III 
tibia to assess 5 blast mat designs. The experimental setup that they used is shown in 
Figure 8.1. They utilised a mass of 6.8 kg travelling horizontally at velocities between 
2.2 and 7 m/s to impact the sole of a Hybrid-III lower limb, which was disarticulated 
at the knee and fixed to a proximal bracket on a linear rail and bearing system. The 
mass of the proximal bracket is not reported and therefore it is not known if this 
realistically represents the mass of the rest of the body. The mass of the impactor was 
6.8 kg. This is significantly lower than that used by other traumatic injury simulators 
which range between 24 kg and 42 kg (Bir et al. 2008; Keown 2006; Manseau & 
Keown 2005b; Yoganandan et al. 1996); however, the impulses measured on the 
loadcell on the Hybrid-III are similar (~8 kN in 1 ms for an impact at 4.7 m/s with no 
combat boot). The 5 blast mat designs were 1) Uniprene MitiGator (SEA Systems 
Group, Clarksville, VA, USA), 2) Urethane MitiGator (SEA Systems Group, 
Clarksville, VA, USA), 3) Monprene MitiGator (SEA Systems Group, Clarksville, 
VA, USA), 4) Skydex (Skydex Technologies. Centennial, CO, USA) and 5) AV Foot 
Pad (Allen Vanguard. Ottawa, ON, Canada). The blast mats were positioned below 
the sole of the Hybrid-III foot before testing. All blast mat designs reduced the force 
in the tibia; this reduction ranged from 35 – 77 %, with the three MitiGator products 
showing the greatest reduction. Interestingly, the Skydex did not perform that well at 
low velocity (3 m/s) impacts (just a 45 % reduction in peak force from the tests with 
no blast mat) but did at higher velocity (7 m/s) impacts (a 75 % reduction). However, 
the effect of not connecting the lower limb to a mass which represents the rest of the 
body and using a low mass impactor on the response of the Hybrid-III is unknown. 






Figure 8.1 - Experimental setup used by Quenneville and Dunning (2011) to assess blast mats. EA 
stands for energy absorbing. 
A series of cadaveric tests were conducted using AnUBIS to identify the 
injuries seen in a range of postures (Masouros et al. 2012). The postures of cadavers 
were adjusted from seated, to braced to standing. It was found that the injuries 
sustained in the standing position were significantly more severe than those in the 
seated position. Due to biological variations in cadaveric specimens large sample sizes 
would be required to assess different mitigation systems and, unless sensors are 
attached to the bone of the cadaver, the mitigation can only be judged by assessing the 
injury post impact. The injury severity scales used for this type of assessment have low 
resolution and are largely based on the presence or absence of a fracture (Poole et al. 
1996; Ramasamy et al. 2013). Due to their consistency, ATDs offer a repeatable 
means of assessing mitigation technologies with a smaller sample size and with load 
cells integrated into the tibia to allow high resolution comparison of different 
mitigation systems. 
The Hybrid-III and MiL-Lx are both recommended for use in the procedures 
for evaluating the protection level of logistic and light armoured vehicles set out by 
NATO (North Atlantic Treaty Organisation AEP-55 2006) Both Hybrid-III and MiL-
Lx are validated for testing in the seated position only and have not previously been 
tested in a standing position. 





Current blast mats can be categorised into two groups: those that absorb energy 
through the use of compliant materials and those that absorb energy through 
permanently deforming under impact.  
Therefore, the aims of this chapter are to compare the response of 2 blast mats 
with different energy absorption concepts in both the seated and standing position at a 
range of impact severities. 
8.2 Methods 
The 2 blast mats aim to absorb energy using different design concepts. Blast 
mat A combines a compliant material with an optimised geometry which elastically 
deforms when compressed and blast mat B is designed to crush when subjected to 
specific loading. 
The tests were performed using AnUBIS. Operation of the rig is discussed in 
more detail in Chapter 4. Briefly, lower limb specimens or surrogates rest on a 42 kg 
plate which is driven upwards pneumatically; the driving pressure is controlled by 
shear pins of various materials and dimensions. 
The tests were performed at 3 severity levels: low, medium and high using 
12 mm nylon, 9.5 mm brass and 12.7 mm brass shear pins, respectively. Standing tests 
were not performed at the high severity level to prevent damage to the ATD 
instrumentation and the seated tests were not performed at the low severity level. The 
medium severity level was chosen as preliminary tests in the seated posture showed 
that the force on the ATD load cells was just above the threshold values (5.4 kN in the 
Hybrid-III and 2.6 kN in the MiL-Lx) set out by NATO (North Atlantic Treaty 
Organisation AEP-55 2006).  
AnUBIS was instrumented as described in Chapter 4. The Hybrid-III is 
instrumented with 4 axis load cells in the upper and lower sections of the tibia shaft 
and the MiL-Lx with a 5 axis load cell in the upper tibia. 





The surrogate hip for the seated position has been described in Chapter 4, 
however the design of the hip for the standing position differs from that described 
previously. Figure 8.2 shows the configuration and mounting for the seated and 
standing tests. The surrogate hip joints in both the standing and seated position allow 
weights to be positioned on a cross-bar to simulate a typical half body weight (Figure 
8.2). A custom made adaptor allows the ATD to be secured to a 16 mm diameter 
threaded rod which in turn is screwed into a steel block that slides along the cross-bar. 
In the seated position the threaded rod is secured to the side of the steel block and in 
the standing position it is secured to the bottom of the steel block. 
In the standing position the surrogate hip allows 5 degrees of freedom. The 
steel block can slide along the cross-bar in the M-L direction and can rotate freely 
around it simulating F/E. The cross-bar can slide in the vertical (C-C) between slots in 
steel side supports secured to the super-frame. As with the seated position the 16 mm 
threaded rod is loosely screwed into the adaptor so screwing and unscrewing allows 
I/E. The cross bar can slide further up one of the slots than the other allowing rotation 
in the coronal plane (V/V) however, this requires lifting the weights. 






Figure 8.2 - Configuration and mounting for (a) a seated and (b) a standing MiL-Lx leg. The same 
setup is used for the Hybrid-III tests. F/E: Flexion/Extension, I/E: Internal/External rotation, 
V/V: Varus/Valgus (or ab/adduction); M-L: MedioLateral translation, A-P: AnteroPosterior 
translation, C-C: CranioCaudal translation. 
In the standing cadaveric tests performed on AnUBIS (Masouros et al. 2012) a 
quadriceps tension was applied by a rod fitted in a hole drilled through the patella. The 
ATDs do not have a patella, so this force was applied by attaching eye bolts to the 
knee clevis of the ATDs thus allowing tension to be applied through cables. This setup 
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Figure 8.3 - Photograph of (a) the ATD knee joint and (b) the whole ATD setup in the rig in the 
standing position. 
The ATDs were given 30 minutes relaxation time between each test. Tests 
were conducted at room temperature (22 ± 1 ºC). Size 10 Meindl Desert Fox Combat 
boots (Lucas Meindl GmbH and Co, Kirchanschoring, Germany) were fitted to each of 
the ATDs and replaced after 5 tests. Meindl Desert Fox combat boots were preferred 
to Lowa Desert Fox combat boots as this allowed comparison to the cadaveric tests 
conducted in Chapter 5. A new blast mat was used for each test. Figure 8.4 shows a 
photograph of the experimental setup. 






Figure 8.4 - Photograph of the experimental setup. 
The dimensions and mass of each sample were measured prior to testing. 
Table 8.1 shows a matrix of the tests conducted on both the Hybrid-III and 
MiL-Lx. A power analysis was performed with a desired statistical power of 0.8 to 
determine whether the sample size was large enough to perform Student‟s t-tests to 
compare the response of the blast mats. Although the results of this study indicated 
that a sample size of 2 was large enough to perform a 2 tailed Student‟s t-test with 
equal variance the results from these statistical tests are not presented as it was decided 
that the sample size was too low to make any firm conclusions from the statistics. 














No Protection - 2 2 2 2 - 
Blast mat A - 2 2 2 2 - 
Blast mat B - 2 2 2 2 - 
 
Table 8.1 - Matrix of the tests conducted. These tests were repeated on both the MiL-Lx and the 
Hybrid-III. 






Maximum acceleration, velocity and pressure at release for the low, medium 
and high severity tests are shown in Table 8.2. These values were similar between both 
blast mat designs and with no protection at all. 
 Low severity Medium severity  High severity 
Acceleration (m/s
2
) 630 ± 186 1612 ± 788 3477 ± 1305  
Velocity (m/s) 2.89 ± 0.16 6.27 ± 0.35 9.04 ± 0.28 
Pressure at release (bar) 2.94 ± 0.24 5.82 ± 0.22 9.86 ± 0.33 
 
Table 8.2 - Maximum velocity and release pressure (mean ± standard deviation) for all of the tests 
at all three severities. 
The mass and thickness of the blast mats are shown in Table 8.3. 
 Blast mat A Blast mat B 
Mass (kg) 0.50 1.33 
Thickness (mm) 30 55 
 
Table 8.3 - Physical properties of the blast mats. 
Typical tibial axial force traces from the seated and standing tests are shown in 
Figure 8.5 and Figure 8.6, respectively. All data are from the lower tibia load cell in 
the Hybrid-III and upper tibia load cell in the MiL-Lx. The peak forces seen on the 
Hybrid-III are consistently higher than those seen in the MiL-Lx in all the seated tests, 
however, in the standing tests there was little difference in the peak forces between the 
tests with the Blast mat A in the high severity and Blast mat B in both severities. In the 
seated high severity tests the Hybrid-III ranks Blast mat B above Blast mat A. This 
ranking is the same in the low severity tests. The MiL-Lx ranks the mats in the same 
order as the Hybrid-III, albeit the differences from the force in the unprotected case are 
substantially less than those shown in the Hybrid-III. In the medium severity, neither 
of the mats reduce the axial force below the NATO 2.6 kN threshold, whereas in the 
Hybrid-III both mats reduce the force below the NATO 5.4 kN threshold (North 
Atlantic Treaty Organisation AEP-55 2006). 











Figure 8.5 - Typical force-time curves from the seated tests. 
Figure 8.6 shows the typical force-time curves from the standing tests. In the 
medium severity Hybrid-III tests, Blast mat B outperforms Blast mat A. This is the 
same as the seated tests and was the same for the low severity tests. The MiL-Lx ranks 
the blast mats in the same order as the Hybrid-III in the medium severity standing 
tests. In the low severity MiL-Lx standing tests the axial force traces were similar for 
all blast mat designs; the peak axial force was 4.02 ± 0.65 kN. 











Figure 8.6 - Typical force-time curves from the standing tests. 
Figure 8.7 shows the peak forces for both the seated and standing tests with 
both the MiL-Lx and the Hybrid-III. In the standing MiL-Lx tests differences were 
seen between no protection and Blast mat B and between Blast mat A and B in the 
medium severity MiL-Lx tests. In the standing Hybrid-III tests at medium severity the 
peak force of Blast mat B was consistently lower than no protection and at the low 
severity Blast mat A was consistently lower than no protection. In both the medium 
and high severity Hybrid-III seated tests the peak force for the no protection was 
higher than both Blast mat A and B and the peak forces with blast mat B were lower 
than blast mat A. In the MiL-Lx seated tests the peak force transferred with Blast mat 
B was lower than no protection at both severity levels and at the higher severity level 
Blast mat A had a lower peak force than no protection but higher than Blast mat B. 











Figure 8.7 - Peak load in the upper tibia of the MiL-Lx and the lower tibia of the Hybrid-III for 
the seated and standing tests. Error bars represent ±1 SD. 
Medium severity tests were conducted in both the seated and standing position. 
The peak force was higher in the standing in comparison to the seated tests apart from 
in the Hybrid-III with Blast mat B where there was little difference. 
8.4 Discussion 
The peak force in the medium severity tests is consistently higher in the 
standing position than the seated position with both the Hybrid-III and the MiL-Lx 
with no protection. This supports the findings of Masouros et al. (2012) who showed 
that the injuries seen in cadavers in the standing position are more severe than those 





seen in the seated position. Interestingly, with Blast mat B there was little difference in 
the peak force between the seated and standing tests with the Hybrid-III. This suggests 
that Blast mat B could reduce the difference in injury severity between occupants in a 
standing position rather than a seated position when subjected to the same blast, 
however, a larger difference was seen when using the MiL-Lx. The cadaveric tests 
performed by Masouros et al. (2012) were at the high severity for both seated and 
standing. High severity tests in a standing position were not conducted in this study, as 
the load cells would have been overmatched. 
Blast mat A and B differed in design. Blast mat B was designed to crush at a 
certain force. This meant that regardless of the posture of the occupant, if a certain 
load is reached the structure would permanently deform, cutting off the reaction force 
at a certain level. The peak force measured with this mat, in all postures, with both 
ATDs and all severities was between 3.01 and 4.76 kN. This is above the current 
NATO threshold for the MiL-Lx (2.6 kN) but below the threshold for the Hybrid-III 
(5.4 kN). Careful tuning of the design of the mat could lower this peak force to a level 
below the current NATO standards for both the MiL-Lx and Hybrid-III. In these tests 
the mat did not reach its maximum deformation at any severity and in any posture and 
therefore it did not „bottom out‟, it is possible that when a mat is tuned to deform at a 
certain load that it completely compresses and all further energy is transferred from the 
floor to the lower limb without any protection offered by the mat. 
Blast mat B significantly reduced the peak force in comparison to no protection 
with both ATDs, in both postures and in all severities apart from in both low severity 
standing tests. While these results suggest that Blast mat B out performs A it must be 
noted that the thickness and mass of Blast mat B was greater than Blast mat A. It is 
also noted that Chapter 5 highlighted that there are differences in the response of both 
ATDs and cadavers. While the consistency of results obtained with the MiL-Lx and 
Hybrid-III give confidence that the ranking of the mats is correct it is recommended 
that further investigation is carried out to determine whether the blast mats rank in the 
same order when using cadavers.  
Neither the MiL-Lx nor Hybrid-III ATD was designed to be mounted in a 
standing position. Therefore, fixtures were required to be retrofitted to the ATDs. The 





fact that the ranking of the blast mats was similar between the seated and standing 
position gives confidence that the ranking of the mats in the standing position are 
accurate, however, validation of the ATDs in the standing position through 
comparison to cadaveric studies, in particular to understand the differences in the 
motion of the knee joints of cadavers and ATDs would be required before mitigation 
technologies could confidently be assessed purely in the standing position. 
Due to the confined space in the majority of military vehicles one must 
carefully consider the efficiency of the use of space. This chapter compared the 
response of two blast mats; however it did not compare the response when using other 
mitigation technologies such as false floors or footrests as an alternative. While blast 
mats are relatively easy to retrofit, an investigation into whether the space may be 
better utilised by other mitigation technologies should be undertaken during the design 
process for new military vehicles. 
Conclusions 
A series of trials were performed using AnUBIS in order to quantify the 
effectiveness of blast-mats in reducing the risk of injury to the lower limbs, as 
measured by 2 types of ATD in seated and standing postures. The ranking of the mats 
was similar for both ATDs and postures in the higher severity tests, whereby the axial 
force response of the unprotected ATD was substantially above the NATO thresholds 
for both ATDs. In the less severe tests for each posture, whereby the axial force 
response of the unprotected ATD was only slightly above the NATO thresholds for 
both ATDs, the MiL-Lx showed very similar behaviours between mats, with minimal - 
if any - reduction in axial force; conversely, the Hybrid-III showed that the mats were 
reducing the injury risk below the accepted threshold, each one by different amounts. 
There was little difference in how the 2 ATDs assessed the blast mats; 
however, the differences between the 2 blast mat designs were more pronounced under 
the Hybrid-III.  





The loads measured in the standing position were higher than those in the 
seated position for the same severity and ATD apart from with Blast mat B; however, 
the posture did not have an effect on how the blast mats ranked.  
8.5 Summary 
This chapter has evaluated 2 blast mat designs in terms of their ability to 
reduce the force being transmitted to the lower limb. The evaluation was conducted 
using 2 ATD designs (MiL-Lx and Hybrid-III) and in 2 postures (seated and standing). 
The findings from these experiments can be summarised as follows: 
1. The axial loads recorded in the MiL-Lx are lower than those recorded 
in the Hybrid-III for the same severity and posture with no protection. 
2. The axial loads recorded in the standing posture are higher than those 
recorded in the seated for the same severity and ATD with no 
protection. 
3. The differences between mitigation systems are more pronounced 
under the Hybrid-III compared to the MiL-Lx. 
4. There is little difference in how the 2 ATDs rank the mitigation 
systems. 
5. There is little difference in how posture ranks the mitigation systems. 
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CHAPTER   9  
SUMMARY, DISCUSSION AND FUTURE WORK 
This chapter summarises and discusses the research presented in the previous 
chapters and makes recommendations for future work. 
9.1 Summary 
During an under-vehicle explosion the floor deforms rapidly causing axial 
compression of the lower limb. This mechanism often results in multiple fractures and 
severe soft-tissue damage causing long-term disability. The overall aim of this thesis 
has been to develop technology to improve the mitigation for occupants during under-
vehicle explosions, and then to make such improvements. 
Previous research has shown that the combat boot can provide protection to the 
lower limb during an under-vehicle explosion, however, no previous research has 
compared the mitigating capacity of different combat boot designs. Chapter 3 
describes a simple drop-rig experiment to compare the behaviour of the 2 most 




commonly used combat boot designs (by UK troops, 2010): Meindl and Lowa Desert 
Fox. The results from these experiments demonstrated that there is a significant 
difference in the shock absorbing capacity of these 2 combat boots at a range of impact 
energies. However, this simple experiment did not accurately replicate the loading 
transferred from the floor, through the combat boot to the occupant during an under-
vehicle explosion. A more realistic simulation of the loading was needed in order to 
accurately compare the 2 combat boot designs. This required the development of a 
traumatic injury simulator as well as a more detailed understanding of how the 
behaviour of anthropometric test devices (ATDs) compares to that of cadavers under 
these loading conditions than was currently available. 
A custom made, anti-vehicle under-belly injury simulator (AnUBIS) was 
developed to simulate the behaviour of the floor during an under-vehicle explosion 
(Chapter 4). AnUBIS accelerates a 300 mm diameter, 42 kg mass from rest to 9.7 m/s 
within 10 ms and then back to rest within 175 mm. AnUBIS allows cadavers to be 
mounted in a range of postures (seated, standing or braced) and for data to be 
synchronously acquired from a range of sensors at a frequency of 25 kHz. AnUBIS 
was used to compare the response of both the Hybrid-III and the MiL-Lx ATDs 
against that of cadavers in a seated position at the high severity level (Chapter 5). No 
injury was seen in any of the 3 cadaveric tests, however, the forces on the lower tibia 
of the Hybrid-III and the upper tibia of the MiL-Lx were consistently above the injury 
thresholds set by NATO (North Atlantic Treaty Organisation AEP-55 2006). All 3 
surrogates (Hybrid-III, MiL-Lx and cadaver) were fitted with Meindl Desert Fox 
combat boots, the compression of which was measured through analysis of High 
Speed Video images captured during the experiment. The compression of the combat 
boot was similar under the cadaver and MiL-Lx, however, under the Hybrid-III the 
compression was significantly greater. This finding suggests that, at this severity of 
loading, the Hybrid-III is likely to be deviating from the response of the human limb in 
an under-vehicle explosion which led to the conclusion that future mitigation strategies 
based solely on Hybrid-III experiments are likely to be flawed. 
The two combat boot designs that were compared in Chapter 3 were also 
compared under the loading conditions (high and low severities) provided by AnUBIS 
using both the MiL-Lx and Hybrid-III. The results from this study showed that no one 




combat boot design consistently outperformed the other with both ATDs and at both 
levels of severity. More drastic changes to the combat boot design are needed in order 
to find larger differences between combat boot designs in this loading environment.  
Finite element analysis is a powerful technique that allows engineers to gain an 
insight into mechanical events that would not be able to be obtained experimentally. In 
this thesis, finite element models of both the Meindl Desert Fox combat boot and the 
MiL-Lx were developed. This allowed the development of a greater understanding of 
the important factors that affect the short duration loading imparted to occupants‟ 
lower limbs during under-vehicle explosions. To increase the confidence in results 
obtained from finite element models, an important step is validating its output through 
comparison with experimentally obtained data. The finite element model of the Meindl 
Desert Fox combat boot was validated against the drop rig experiments presented in 
Chapter 3 of this thesis and the MiL-Lx model was validated against data obtained 
from experiments conducted with AnUBIS presented in Chapter 5 of this thesis. The 
results from this numerical study highlighted the importance of the characteristics of 
the acceleration profile of the floor of the vehicle, therefore recommendations for 
combat boot design must stipulate the target frequency that the design is aiming to 
mitigate. Assuming that the frequency of the input acceleration is high (above 40 Hz) 
the following recommendations can be made for future combat boot designs: 
 They should incorporate materials that have high damping 
characteristics or are designed to permanently deform during an under-
vehicle explosion,  
 have low stiffness and  
 have the thickest possible midsole. 
While significant increases in the thickness of the combat boot would render it 
impractical for everyday use, blast mats provide the opportunity to increase the 
thickness of material beneath the lower limb, without affecting the practicalities of the 
combat boot in other loading conditions. Two blast mat designs were assessed using 
both the Hybrid-III and MiL-Lx in the seated and standing position using AnUBIS 
(Chapter 8). The results showed that the Blast mat B (designed to permanently deform 




under impact) reduced the peak force transferred to the ATDs by a greater amount 
than Blast mat A (designed to combine a compliant material with an optimised 
geometry) in both postures and at all levels of severity. It is therefore recommended 
that future developments focus on optimising the design of a blast mat which 
permanently deforms. This concept could also be applied to boots. 
9.2 Discussion and future work 
The ultimate aim of research in this field is to provide better protection to the 
occupants of vehicles subjected to under-vehicle explosions. During conflict, decisions 
regarding the protection offered to military personnel are required to be made quickly 
in reaction to the rapidly changing threats. Due to the time constraints imposed by this, 
it is often not possible to conduct detailed, methodical, scientific research quickly 
enough to inform these important decisions. In the short-term, solutions that are 
immediately available or require little development are often initially employed before 
more complex solutions can be developed for the long term. An example of this is the 
use of the Hybrid-III ATD. The Hybrid-III was originally developed for car crash 
research (Mertz 2002). As the threat of under-vehicle explosions became more 
prominent in recent conflicts, a method to assess vehicle design was required. 
Although the Hybrid-III had not been validated for this loading condition it was 
readily available and able to give a means of comparing the effectiveness of vehicle 
designs in reducing the force transferred to occupants‟ lower limbs. While solutions 
such as using the Hybrid-III are important to allow more informed decisions in the 
short term, it is also important to retrospectively analyse those decisions and carefully 
consider whether anything could have been improved and therefore learnt so that when 
a similar threat is prevalent in the future, the time consuming research has already 
been done and a more informed decision can be made. 
An example which highlights the importance of learning from past conflicts is 
the analysis of modifications of vehicle designs during the conflicts in Rhodesia 
between 1972 and 1980. During this conflict, under-vehicle explosions were the most 
prevalent threat to troops. The Rhodesian security services were forced to develop 
mine-resistant vehicles to counter the threat of anti-vehicle (AV) mines. Their designs 




incorporated features that were thought to reduce the severity of injuries sustained by 
the occupants of their vehicles. These features included V-shaped hulls, increased 
ground clearance, widened axles, blast deflectors and the use of heavy vehicles. A vast 
amount of clinical data was collected during this conflict, however, it was only 
recently that the clinical data was analysed by Ramasamy et al. (2009) to ascertain 
whether these design features played a significant role in reducing fatalities and 
injuries. Had this research been carried out in the aftermath of the conflict in Rhodesia, 
it would have been a useful tool to inform decisions regarding vehicle design in more 
recent conflicts. 
Broadly, the topics covered by this thesis can be categorised into 4 groups; 
traumatic injury simulators, ATDs, finite element modelling and mitigation 
technologies. The innovations and limitations, along with recommendations of future 
work for each of these topics are discussed in turn in the following sections. 
9.2.1 Traumatic injury simulators 
The development of the anti-vehicle under belly injury simulator (AnUBIS) is 
described in Chapter 4 of this thesis. The specification of AnUBIS was based upon 
literature estimates of the behaviour of the floor during an under-vehicle explosion 
(Chapter 2). In reality, the behaviour of the floor of a vehicle is based upon a number 
of factors out of the control of the vehicle/mitigation designer; these include the type 
of explosive, the depth of burial and the characteristics of the soil. These factors make 
identifying a single threat that mitigation should be designed to protect against 
impossible. Currently, literature which identifies the characteristics of the floor of the 
vehicle during an under-vehicle explosion is sparse. Future developments in this area 
rely upon the development of a detailed characterisation of the behaviour of the floor 
of a number of vehicle designs during an under-vehicle explosion. This requires a 
large series of live-blast experiments, where the behaviour of the floor is accurately 
measured while the critical factors that affect the floor‟s behaviour are altered. While 
it is likely that many Defence Organisations around the world have access to data of 
this kind, security implications make publication difficult. A research study which 
experimentally defines a number of typical threat levels from live blast data would be 
a powerful step in being able to assess mitigation technologies. Furthermore, the 




availability of these acceleration profiles, will allow engineers to develop products that 
are designed to mitigate the most relevant threats. This data would be able to both 
inform experiments as well as be used as inputs for finite element models. 
The design of AnUBIS allows the acceleration of the 42 kg mass to be tuned 
by altering the material and diameter of the shear pin (Chapter 4). The numerical 
model in Chapter 7 of this thesis demonstrated the importance of the frequency of the 
acceleration of the plate. Changing the material and diameter of the shear pin allows 
the frequency of the acceleration to be altered, however, as the mass does not change, 
the amplitude also changes. Allowing the mass of the accelerating plate to be changed 
would let the amplitude, as well as the frequency of the acceleration of the plate to be 
finely tuned. This would allow the type of investigation performed in Chapter 7 of this 
thesis, where the amplitude of the input acceleration was kept constant but the 
frequency altered, to be performed experimentally. One of the main innovations with 
the design of AnUBIS is that it allows specimens to be mounted in a range of postures; 
seated, braced and standing. However, the current design cannot mount specimens in 
positions such as the postures presented in Figure 5.25b and Figure 5.25c. 




Figure 9.1 – (a) the 90-90-90 seated position used for experiments in this thesis and recommended 
by NATO (b) knee angle at 120 degrees and (c) knee angle at 45 degrees to the femur. Postures (b) 
and (c) are recommendations of postures to be investigated both experimentally and numerically 
in the future. 
The current design of the accelerating plate does not allow inversion/eversion 
or dorsiflexion/plantar flexion of the foot to be investigated without modification. Due 
to the design of military vehicles, it is often not possible for occupants to be sat in the 
current 90-90-90 seated position (Figure 5.25a) that AnUBIS is designed for and that 
NATO recommends. Therefore, a detailed analysis of the most common postures of 
occupants in military vehicles would be valuable to inform the direction of future 




research. AnUBIS is innovative in that it allows the feet of the specimens/ATDs to be 
in immediate contact with the plate before it is accelerated. In many other designs of 
traumatic injury simulators, a projectile impacts the plate that the feet are rested upon. 
In reality, the feet of the occupants of a vehicle subjected to an under-vehicle 
explosion would be in contact with the floor and accelerated with it; AnUBIS allows 
this to be simulated realistically. 
9.2.2 ATD design 
Human surrogates are important tools in the development of mitigation 
technologies. The 2 ATDs discussed in this thesis are the Hybrid-III and the MiL-Lx. 
One of the main limitations with the use of both the Hybrid-III and the MiL-lx to 
assess injury risk is the small sample sizes in the cadaveric experiments used to 
produce the injury criteria. Currently, the injury tolerance level is very simple; a 
threshold force, measured in the lower tibia of the Hybrid-III and the upper tibia of the 
Mil-Lx. For the Hybrid-III this is 5.4 kN and for the MiL-Lx this is 2.6 kN. These 
values are calculated from cadaveric studies, the limitations of which are discussed in 
more detail in Chapter 2. Chapter 5 of this thesis compared the response of both the 
Hybrid-III and MiL-Lx to cadaveric specimens in a seated position. The peak forces 
measured by the Hybrid-III and MiL-Lx are above the NATO threshold values, 
however, no injury was seen in any of the 3 cadaveric tests at the same severity level, 
suggesting that the threshold values of the two ATDs are conservative at this rate of 
loading. The numerical simulations presented in Chapter 7 demonstrated the 
importance of the frequency of the acceleration of the plate. It is possible that the 
threshold values set out by NATO are too simplistic and it is therefore proposed that 
future threshold values take loading rate into account as well as peak force measured 
in the tibia as this may provide a more accurate assessment of injury risk.  
Both the Hybrid-III and MiL-Lx are not designed to be frangible, enabling 
multiple, reproducible, experiments to be performed without the need to replace or 
adjust any components. In reality, human lower limbs are frangible. This is a 
fundamental difference between the ATDs and cadavers. Future research to develop 
frangible surrogates such as the Frangible Surrogate Limb shown in Figure 9.2a 
(Bergeron et al. 2001) may provide a more accurate assessment of injury risk. The 




Frangible Surrogate Limb (FSL) incorporates polymer composite bones with geometry 
moulded to match that of a human surrounded by „ballistic‟ gelatine and a chamois 
material to simulate the skin. The primary diagnostic of the limb is from post-test 
examination but the FSL also has a load cell incorporated into the tibia. Figure 9.2b 
shows a force-time trace from a preliminary test performed on AnUBIS at the higher 






Figure 9.2 – (a) Photograph of the Frangible Surrogate Limb and (b) typical force-time trace 
from an experiment conducted at the high severity seated position on AnUBIS. 




9.2.3 Finite element modelling 
Chapters 6 and 7 present a model of the MiL-Lx with combat boot. There are 
no other numerical models of the MiL-Lx or the Meindl Desert Fox combat boot in the 
literature. This model has added to the understanding of the dynamics of the occupant 
during an under-vehicle explosion. However, as with all numerical models, it has some 
limitations. By developing an axi-symmetric model the run time was fast, however, it 
also meant that there were limitations in terms of the stiffness at the knee joint as well 
as the geometry, and hence mass of both the foot of the MiL-Lx and the combat boot. 
A second limitation with the model is that the damping properties of the materials of 
the boot and the compliant materials of the MiL-Lx were obtained at strain rates lower 
than those expected during an under-vehicle explosion, resulting in the energy released 
during the unloading of materials possibly being exaggerated. The model has allowed 
a greater understanding of the importance of the stiffness and thickness of the combat 
boot as well as the frequency of the acceleration input in the response of the MiL-Lx. 
Recommendations for future developments of the finite element model lie in 
improvements to both the material properties and the geometry of both the ATDs and 
combat boot. In terms of geometry, the axi-symmetric model could be developed to 
become 3D. This could be used in conjunction with the simple axi-symmetric model; 
the simple model could be used to develop a broad understanding of the behaviour of a 
mitigation technology, and then a more detailed understanding could be obtained with 
the 3D model. In terms of material properties there are two main limitations to the 
numerical model presented here. The first is that the strain rates that the material 
properties were acquired at were not exactly the same as strain rate of the materials 
during an under-vehicle explosion. A recommendation for future work is the 
development of a sub-routine which imports the strain rate of each material at each 
increment and adjusts the material properties in the following increment accordingly. 
The second is that the damping properties of all of the materials of the combat boot 
and ATD are based upon stress relaxation tests performed quasi-statically, rather than 
dynamically. This is likely to underestimate the effects of the damping in the materials 
at higher rates of strain. Stress relaxation experiments at high rates of loading are 
difficult to control, therefore drop rig experiments, where a rigid spherical object is 
dropped from a known height onto the material and the initial and rebound velocities 




are used to calculate a coefficient of restitution could be performed. By dropping the 
ball from a range of heights, the damping properties of the material could be obtained 
at a range of strain rates. 
One important future development is that of a human lower limb finite element 
model. A human model would enable a much more accurate analysis of both the 
mechanisms of failure, and load transfer through the musculoskeletal system during an 
under-vehicle explosion leading to a more accurate understanding of the effect of 
mitigation systems. A model of the lower limb is not straight forward for a number of 
reasons. The first is the lack of knowledge of dynamic material properties of human 
tissues at the strain rates expected during an under-vehicle explosion; the second is the 
biological variability of human specimens. Geometry of the human limb can be 
obtained through segmentation of computed tomography (CT) and magnetic resonance 
imaging (MRI) scans; however, there are significant differences in both geometry and 
material properties between subjects so either careful selection of a specimen that is 
similar in characteristics to that of an average occupant of a military vehicle or the 
development of multiple models with geometries obtained from a number of 
specimens, thus permitting a statistical approach is important. 
9.2.4 Mitigation 
Large improvements in terms of the protection offered to the occupants during 
an under-vehicle explosion can be made through the design of the vehicle. Design 
features such as false floors, V-shaped hulls, increased standoff, increasing the mass of 
the vehicle and seat design have been shown to offer protection to occupants during 
under-vehicle explosions (Durocher 2003; Ramasamy et al. 2011b; Wang et al. 2001). 
All of these features can be incorporated in new vehicle designs, however, it is more 
difficult to retrofit these features. Therefore, any improvements that can be made 
through protection that is easily retrofitted to vehicles are attractive. Both combat 
boots and blast mats are examples of protection that do this.  
Chapter 7 of this thesis highlighted the need to have a detailed understanding 
of the possible accelerations of the floor of a vehicle subjected to an under-vehicle 
explosion. If this is not understood, it is possible that a mitigation technology may be 




beneficial to some threats, but detrimental during others. The reason for this is that the 
combat boot stores potential energy on compression, which is released upon 
unloading. At some frequencies of input acceleration, this produces an overshoot in 
the output acceleration, in comparison to the input acceleration. This phenomenon is 
reduced if the materials of the combat boot incorporate heavy damping, or are 
designed to deform permanently at certain severities of loading. 
In this thesis, two combat boot designs have been compared in two loading 
environments. The first was in a drop rig (Chapter 3), where the sole of the combat 
boot, resting on a rigid surface was impacted at the heel. The second was where the 
combat boot was fitted to an ATD foot and mounted on AnUBIS (Chapter 5). In the 
drop rig experiments, there was a clear difference in the behaviour of the 2 combat 
boots, with the Meindl Desert Fox outperforming the Lowa Desert Fox, however when 
using the ATDs and AnUBIS, there was no clear difference between the two combat 
boot designs. It is possible that the reason for this difference in results is due to the 
difference in the dynamics of impacting a combat boot against a rigid surface and the 
dynamics of the compressing a combat boot in a more complex system, with multiple 
other materials, where the ATD lower limb is able to accelerate away from the plate. 
The finite element models highlighted the importance of both the stiffness and the 
thickness of the combat boot structure. At high frequencies of input acceleration a less 
stiff, thicker combat boot offers more protection that a stiffer, thinner combat boot. 
This thesis has focused on the interaction of the sole of the combat boot and the 
occupant‟s foot. In both the drop rig experiments and the experiments conducted with 
AnUBIS, the upper material of the combat boot was removed. The most prevalently 
injured zone of the lower limb during under-vehicle explosions is the calcaneus, which 
is associated with particularly poor outcomes (Ramasamy et al. 2011d). Careful design 
of the upper of the combat boot could provide a means of transferring the energy away 
from the calcaneus to a body region which is associated with a better outcome, for 
example a clean fracture of the mid-tibia would be easier to reconstruct than a fracture 
of the calcaneus. 
The combat boot offers a limited amount of thickness which will make 
significant reductions in peak force difficult. A blast mat allows greater thickness 




beneath the sole of the foot without the need for changes in combat boot design. The 
experiments conducted in Chapter 8, along with the research conducted by 
Quenneville and Dunning (2011) provide evidence that blast mats are capable of 
reducing the peak force transferred to the lower limb during an under-vehicle 
explosion. 
9.3 Contributions to the literature 
Experimentally this thesis has contributed to the field through the cadaveric 
and ATD tests on AnUBIS. No previous experiments had been conducted to compare 
the response of ATDs with intact cadaveric limbs, and the results from this thesis 
suggest that there are differences in the response of both the ATDs tested and the 
cadavers since both ATDs predicted injury while none was seen in the cadaveric 
specimens. The difference between the cadaver injury results and the ATD predictions 
potentially indicate that either the ATD dynamic response is not biofidelic or the 
current injury criteria are not appropriate for the ATD. These experiments were 
conducted using AnUBIS which is a unique rig that allows a range of under-vehicle 
explosion loading scenarios to be simulated in a laboratory environment. AnUBIS can 
be used as a platform to assess mitigation technologies and for assessing the bio-
fidelity of ATDs. The results performed using AnUBIS demonstrated that there was 
little difference between the two most commonly used combat boots in the UK in 
terms of mitigating lower limb injuries during under-vehicle explosions, while floor 
mats were capable of reducing the force transferred to the Hybrid-III by approximately 
55 %.  
One methodological advancement has been the experiments conducted in 
Chapter 8 where ATDs were mounted in the standing position in order to assess blast 
mats. No previous studies have attempted to mount cadavers in the standing position 
and although further cadaveric work is required to validate the results, these 
experiments have demonstrated that it is possible to assess mitigation technologies in a 
range of postures. Recent cadaveric experimental results obtained using AnUBIS have 
demonstrated that injuries sustained by occupants of vehicles in the standing position 
are likely to be more severe than occupants in the seated position and therefore it may 




be important to mount ATDs in the standing as well as seated position when assessing 
vehicle designs. 
A major contribution to the field is the development of an FE model of the 
MiL-Lx and combat boot. This is the first FE model of its kind and is a powerful tool 
that can be used to gain a deeper understanding of the dynamic behaviour of the 
combat boot and MiL-Lx during an under-vehicle explosion. In this thesis it was used 
to provide recommendations for future combat boot designs as well as develop the 
understanding of the effect of altering the time to peak input acceleration on the 
response of the MiL-Lx and combat boot. The FE model can also go on to be used for 
other applications, for example in the development of future ATDs this model can be 
used as a starting point to understand the effect of altering the material properties or 
geometries/locations of certain components, the sensitivity study performed at the end 
of Chapter 6 can also be used to identify which parameters are important to consider 
when designing ATDs. 
9.4 Limitations 
This thesis has made recommendations for combat boot designs; however, one 
limitation of this study that could be rectified with further experimentation is that a 
combat boot design with these recommendations in mind has not been manufactured 
such that they could be validated. It would be of interest to determine whether combat 
boots designed with the recommendations from this thesis would outperform the 
current combat boot designs through a series of experiments using ATDs and AnUBIS 
as well as a series of experiments with cadavers and AnUBIS. 
One further shortcoming of this thesis as well as the field in general is the lack 
of data from the battlefield. This would be invaluable to determine whether one 
mitigation technology was outperforming another. This is particularly important since 
due to the complexity of the factors that influence injury outcome during under-
vehicle explosions, it is required that experimental methods are simplified in order to 
understand the effect of single variables.  




An example of an important variable that may have been overlooked in this 
thesis is the effect of altering the seating position. The experimental methods used in 
Chapters 5 and 8 and the finite element models developed in Chapters 6 and 7 are all 
based on the fact that occupants are seated with their feet flat on the floor, with their 
lower limb at 90 degrees to the floor and their upper limb at 90 degrees to the lower 
limb. In reality, it is likely that it is very rare for an occupant to be seated in this 
position and this may be an important factor that needs to be understood when 
assessing mitigation technologies. 
9.5 Conclusions 
The improvised explosive device (IED) has been the characteristic weapon of 
the recent conflicts in Afghanistan. Improvements in personal protection, vehicle 
design and healthcare have reduced the risk of fatality, which has in turn increased the 
burden of extremity injuries. In order to mitigate these injuries, further improvements 
in vehicle design and technologies to reduce the severity of injuries are required. 
Importantly, methods to accurately assess these technologies, to allow the designs 
which make the biggest difference can be identified, are also required.  
The importance of accurate clinical data from zones of conflict cannot be 
underestimated. The development of successful mitigation technologies requires close 
co-operation between clinicians and engineers. This thesis has concentrated upon 
lower limb injuries to occupants during under-vehicle explosions. During an under-
vehicle explosion, injuries to the spine, pelvis, lungs and head are also prevalent. 
Further understanding of these injuries and technologies that could be developed to 
mitigate them is recommended.  
This thesis, in part, helps develop the understanding of the dynamics during an 
under-vehicle explosion and understand the limitations of the technologies used to 
assess mitigation technologies. It is one step towards a reliable method to assess 
mitigation technologies. The next steps involve further cadaveric experiments to 
develop more accurate injury tolerances, and a greater understanding of the behaviour 
of the floor during an under-vehicle explosion. 
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